Switched-Current Circuit Design Techniques

for Signal Processing

Shenghong Wang

A Thesis
in
The Department
of

Electrical and Computer Engincering

Presented in Partial Fulfillment of the Requirements
for the Negree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada

April 1996

© Shenghong Wang, 1996



l * l Mational Library
of Canada

Acguisiions and

Bibliotheque nationate
du Canada

Directiun des acquisitions et

Biblhiographic Services Branch  des services bibliographiques

13 Wehington Sieeet
(Maw.s Ordane
KA ONA ¥ 1A ONA

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395 rue Wellington
Ottawa (Ontann)

Yagthe  yoterpletence

Dt NOYerglerence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale dui: Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa
these. Nila these ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-18455-2

Canada



ABSTRACT

Switched-Current Circuit Design Technigues
for Signal Processing

Shenghong Wang. Ph.D.
Concordia University. 1996

A complete digrtal signa’ processing system requires analog cicuits acting as inter-
faces between the digital system and the outside world that 1s mostly analog. Usually.
these creutts are designed by using switched-capacitor (SC) techntques. However. there
are twa problems with the SC circunts. One s that the process technology used tor these
circuits are not compatible with the standard digital process technology and the other s
that performance of these circuits worsens for low-voltage operations. To overcome these
problems. a new techmque called the switched-current (SD technique has been proposed
recently. Due to the problems such as accuracy. dynamic range. and hmearity. SI circuits
are sull less attractive than SC circuits. Further. the ST technique bemng a new technology.
there are many appheation related problems that are yetto be resolved.

In this thests, several new ST design technigues are proposed to provide improved per-
tormance and to resolve the application relatd problems of the Sl circuits. Specifically. the
present mvestigation s aimed at developmg S techmiques for the design of high-pertor-
mance bmldimg-block cells, programmable hlters. and ratio-independent algonthn.ic D/A
and A/D converters,

A hugh-performance ST memory cell design technique. based on the use of a single-
cnded diiterential amplitier, 1s proposed. The new techmque uses difterential amplifier as
the mput stage and a complementary regulated cascode circuit as the output stage of the
memory cell. Theoretical analysis shows that the memory cell can achieve a very low gain
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ervor. small harmomie distortions, and a wide dyviamie tange Two cxample memony eells
dre designed by using the stiuctures of 4 transconductance amphiter and o tolded cascode
amplitier. tespectively The simulation results show that the proposed memory cells give
better pertormance as compared with other existing memony ceils Both the proposed cells
are mmplemented using the standard 12 g N-well CMOS process technology - The proto
type chip test results show that the cells have the gam error less than 0 1 dB and harmonie

distortions less than -61 dB

A tully-programmable SI filter design echnique based on the use ot digital hlter suue
tures 1s proposed. The resulting ST hlters have very regular sttuctutes and the coethcients
of the filter transter tunction we duectly matched to the sizes of the tansistors Infinite
impulse response filters (IHR) are designed using the proposed high pertormance memory
cells. A prototype chip consisting ot six second-order HR tilters as designed and vple
mented using the standard 1.2 1 CMOS process technology, The chip test results are seen

W be magreement with those theoretically predicted or obtamed through simulation,

A novel ST ratto-independent atgorithmie muluplicaton D/A converter design tech-
niques is proposed. A new design circut tor A/D converter s also presented. The
designed converters are capable of achieving high-resolution and high-accuracy data con
version without requiring matching of the components. The conversion etrors caused by
non-ideal MOS devices are studied. A practical St ratio-independent D/A converter cucun
1s designed using the proposed ST memory cells A prowotype DIA converter chip s
designed and implemented using the standard 1.2 g N-well CMOS process eehnolopy
and tested. The test results show that the converter achieves an 8-bitresolution with non

hinearity error less than one-halt of the least signiticant bit.
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Chapter 1

INTRODUCTION

In the past two decades, the field of digital signal processing (DSP) has experienced
a very rapid growth and recognition in many areas of science and engineering such as tele-
communications, robotics, geophysics, medicine etc. This upsurge in DSP related activi-
ties can be attributed mainly to the recent development in the very large scale integration
(VL3D) technology that has allowed the integration of ever powerful DSP systems into
inexpensive chips. While the increased performance and reduced cost of integrated-circuit
DSP systems have brought a universal acceptance of the usefulness of the area of DSP,
there are still some problems that limit the integration of a complete DSP system into a sin-
gle chip. A single-chip DSP system is a mixed analog and digital integrated circuit that
requires analog circuits, such as digital-to-analog (D/A) and analog-to-digital (A/D) con-
verters, sample-und-hold (S/H) circuits, prefilters, postfilters, etc., acting as interfaces
between the digital systems and the outside world that is mostly analog [1], [2]. Figure 1.1

shows the block diagram of a complete DSP system.

Many techniques, with the switched-capacitor technique being the most common
one, have been developed for the design and implementation of these analog circuits.
However, these techniques are not suitable for the design and implementation of a nuixed

analog and digital circuit DSP system as a single chip. Design and implementation of an
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efficient mixed analog and digital chip requires that the analog circmits use the process
technology that is compatible with that of the digital circuits, and that both the analog and

digital circuits use the same power supply.

x(1) S/H v(r)
— AND A/D |- DSP |— D/A}F—9 POST-FILTER F—
PRE-FILTER

Fig. 1.1. A complete signal processing system

1.1 Switched-Capacitor Techniques

A switched-capacitor (SC) circuit is an analog sampled data circuit that realizes an
analog signal processing task using an analog sampled data processing technique.
Switched-capacitor circuits do not require absolute accuracy of the resistors and capaci-
tors. In a SC circuit, resistors can be replaced by switches and capacitors. The result is that
the circut performance is determined by the ratios of the capacitors rather than their abso-
lute values. Ratios of the elements are always easier to control in an IC process technology
[3]. This advantage of the SC technique make the SC circuits very suitable for MOS pro-
cess technology. However, there are still two outstanding problems that are yet to be

resolved.

The firstis that the switched-capacitor circuits nced hinear floating capacitors that act
as storage components. This requires the use of double poly process which 1s not compati-
ble with the standard digitai VLSI process technology. As the anulog part of a single-chip
DSP system may occupy as much as 10 ~ 20% of the total chip area, the required extra

processing becomes disproportionately high.

The second preblem is that the performance of a switched-capacitor circuit worsens

for low power supply voltages. In future, as the feature sizes shrink further into the sub-
2



INTRODUCTION

micron region, digital systems with higher circuit density will be possible. But this will
lead to higher power dissipation. Further, smaller dimensions will create higher device
electric fields resulting i a poorer MOSFET performance. To contain this situation. the
mdustry has proposed lowering of the standard power supply from 5 Vto 3.3 V |4]. In that
case, the VLSI process technology will have to be optimized tor the digital performance
rather than the analog performance. The threshold voltage will be lowered. and logic gate
leakage will prevent it from being reduced far enough for an optimum switched-capacitor
performance. The performance of a switched-capacitor circuit will suffer doubly in this
case: the reduced voltage swings will have a direct impact on the dynamic range. and the
sub-optimal threshold voltages will worsen the performance of MOS switches |5]. [6].
Although the extra threshold options beyond the requirement of that of digital circuits
could help the SC circuits maintain their performance. this will increase the process cost

and make the SC circuits to be less attractive.,

1.2 Switched-Current Techniques

To overcome the limitations of the SC circuits mentioned above, researchers have
proposed many new techniques that are mostly current mode circuits for analog signal pro-
cessing {7], [8]. |9]. Specitically, the switched-current technique (SI) proposed by J. B.
Hughes, N. C. Bird and L. C. Macbeth in 1989 [ 7], and a similar technique called the cur-
rent coprer technique, proposed by S. J. Daubert, D. Vallancourt, and Y. P. Tsividis in 1988
I8] are analog sampled data circuits, in which signals are represented by currents rather
than voltages. The SI technique relies on the ability of a MOS transistor to maintain its
draan current with its gate opened by the charge stored on its gate capacitor. This means
that the SI circuits do not require linear floating capacitors, and the double poly process
technology is thus not required. This makes the SI circuits fully compatible with the stan-

dard digital VLSI process technology. Further, since SI circuits work in the current
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domain. the power supply voltage can be reduced.

The ST circuits are sull less attractive than the SC cweuts due to the problems ot
lower accuracy. smaller dynamic range. non-lincanty ete. Since the SItechmque 1 a new
technique, there are still many apphication problems not yet resolved. Futthermore, in the
area of VLSI design, the design automation 1s an important evaluation parameter of” any
new design techuique. It its avtomation level is Tow, it will be less attractive to designers
A wide-range application of SI circutts in VLS design will, to a great extent, depend on

the automation level of the design technique used.

1.3 Scope and Organization of the Thesis

The objective of this research is (i) to investigate the problems of low accuracy and
small dynamic range of SI circuits. (i1) to propose a ST building block that has a low cur
rent-gain error, a4 wide dynamic range and small harmonic distortion, and (111) to develop
efficient ST design and implementation techniques tor analog circuits, such as filters and
converters encompassing the features of programmability and design automation. The
focus throughout this investigation is on the simplicity of the design technique and imple-

mentation with good performance of the resulting circuits.

In Chapter 2, the basic concepts and the principle of the ST techniques are reviewed,
and some applications of the SI techniques in signal processing are discussed. The etects
of non-ideal MOS devices on a simple memory cell are studied. An overview of some of

the existing SI memory cells is also given in this section.

Since the memory cell is the basic and most important building block used m S sys-
tems, the characteristics of a SI memory cell will determine the performance of the overall
system. Therefore, the design of a high-performance SI memory cell is essential for a Si

circuit. Chapter 3 proposes a new high-performance SI memory cell design technique.

4




INTRODUCTION

Using this techmque, two differential SI memory cells are designed. The behavior of the
new memory cells are analyzed and simulated using HSPICE. The simulation results are
compared with other memory cells. The new memory cells are also implemented with a

standard 1.2 p N-well CMOS process technology and tested in the laboratory.

Since tiltering is a major application of a SI technique. in Chapter 4, a new design
techmque for fully-programmable switched-current filter is described. The filter consists
ot umt delays, coefticient multipliers and adders. The objective here is to develop a design
methodology that is simple and yields filters whose structure is regular. As an example, a
sccond-order TIR filter is designed using the developed technique, and implemented using
the SImemory cell designed in Chapter 3. The filter is simuia.ed by using HSPICE and the
results are analyzed using FFT. An experimental prototype second-order switched-current
IR filter array consisting of six second-order filters is fubricated with the standard 1.2 p
CMOS process technology. The hard-wiring technique is used for programming of these

filters. The test results are also given in this chapter.

In Chapter 5. new SI ratio-independent algorithmic multiplication D/A converter
design technique is presented. The design technique is aimed at achieving high-resolution
and high-accuracy data conversion without requiring matching of components. A new
design circuit for ST A/D converter is also presented. The eftects of non-ideal characteris-
tics of MOS transistors on the designed converters are studied. Using the differential SI
memory cell proposed in Chapter 3. the eftects ot switch charge injection and finite imped-
ance are reduced to improve the conversion accuracy in the designed D/A converter. A
prototype D/A converter chip is implemented with the standard 1.2 4 CMOS process tech-

nology and tested in the laboratory.

Chapter 6 gives the conclusions of the present investigation and suggests some

future works 1n the area.




Chapter 2

REVIEW OF THE SI TECHNIQUES

A SI system may be thought of as a system using analog sampled data ctrenits i
which signals ate represented by current samples. The basic cucuit element ot a Stsystem
is called the SI memory cell. It can sample and hold the current signals through the charge
stored on the gate capacitor of a MOS transistor. Using this current memory cell. S inte
grators, differentiators. and delay blocks can be built. Sl filters can be designed usig these
blocks. As with the SC technique, the SI technique can also be used for the design ot A/D
and D/A converters. In this chapter, the principle of operation of a SI memory cell is
reviewed, followed by an introduction of Sl integrators and differentiators. Next, SIfilters
using these blocks are discussed. The applications of the SI technique in A/D and D/A con-
verters are also given through some examples. Since the non-ideal charactensuies of MOS
devices aftfect the performance of the Sl circuit significantly, the analysis of these effects to
the simple memory cell are introduced. Finally, an overview of existed SI memory cells

with improved performance is given and their advantages and disadvantages are discussed.

2.1 Principle of the SI Technique

The principle of operation of the SI technique can be described in terms of the opera-

tion of a SI memory cell. There are two basic types of SI memory cells referred to as the

6



RENVEFW OF THE SI TECHNIQUES

st and second-gencration current memory cells. Firg. 2.1 shows a fust-generation current
menitory cell Tt a simple current mirror with a switch S separating the gates ot two tran-
sistors, When the switch S s closed. the cireutt works i the sample mode and both gate
capacitors, Cypand Cpooare chaiged o V| establishing the drain current [, =1 + 1. By
normal current mitror action. we have 1y = - Al and thas results in the output current/,
== Al Theretore, the cutent /s avarlable simultaneously with the mput sample When
S s opened. the cucut s in the hold mode, a voltage close to V,,is held on Cypo. and the

circuit mantains the output current /,, close to the value ot - A/,

/, Iy
. —
Inl |- S L2
h ’ - 1J F T>

R 7
Cu
l A

Iag. 2.1 A first-generation SI memory cell

A second-generation SEmemory cell 1s shown in Fig. 2.2, The operation of this cell
1s as follows. On clock phase ¢, switches Sy and S> are closed and S3 is opened. The
memory MOS transistor Ty is diode-connected. The drain current of T| becomes J + 7, and

it charges the gate capacitor Cy. A gate voltage 'V, that 1s required to maintain the drain
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currentof ] + 7, is established and ity stored on the gate capacitor C, On phase 05,8 and
S» openand Sz closes. Smee Cremams chaiged with the voltige Voo Ty mamtams the
drain current J + [,  and therefoie, the output curtent /,; of the memony cell s equal o/,
which is an inverted copy of the mput current. To scale the cutrenty an extra output stage
can be used to give [y = - Al Smee the transistor Ty s used alternately as an o mput drode
and as an output transistor, £, s avadable only durig phase ¢ The output cutient 7,5 a8

avatlable for the whole period. as with the tust-generation memory cell

I A

Fig. 2.2 A second-generation Stmemony cell

Obviously. the memory cells discussed above requue only a grounded capacitor to
hold the voltage V,, at the value imposed by the current) + /. With tdeal MOS transistor,
the current 1s transferred linearly trom the nput to the output without requinng hincu

Cupactors.
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2.2 SI Integrators and Differentiators

Usig the ST memory cells discussed in Section 2.1, with proper switch clock
sequence, we can builda STtegrator ora ST ditferentiator. In [6] and | 7]. several ditterent
SEmtegrators and differentiators have been introduced. Either the first- or second-genera-
tion SEmemory cell can be used to design a ST integrator or a ditterentiator, Fig. 2.4 shows
a non-mverting SEintegrator {6] which s burlt using the second-generation memory cell.
The operation of the cncurt s as tollow. On phase ¢y ot the clock period n-1. transistor T

18 dinde-connected and its diain current /5 1s given by

s e 2D M
> - - 1,L
Q’: I ﬂ‘,- \$|_ l I

l b Il - l 3
- ., A 1157,

A—I l A

Fig. 2.3 A second-generation SInon-inverting integrators

Iy 2040, (n - ) -0 (EQ. 2.1)

and the draun current 73 of Ty s given by

Iy - Ay - AT =1 (n—= 1) (EQ. 22)

Yy
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By substituting (EQ. 2.2) nto (EQ. 2.1). /5 becomes

VI
Iy = Jd+1 (n-1)+ —-~ 1T (tQ 2.9

- 1

On the next phase ¢y ot the clock pertod o, the transistor T s diode connected and s

drain current /7y is given by

Iotn 1)
Iyo= 20 -0y = 0= (n-1) = - Q. 2.-h

f
—
—
-~
-—
~

[(ny = AT -1y = A - Al (n 1y Q.2 %)

mm

From this equation, the z-domain transfer function can be written as

H(:) = = (EQ 2.0)

This transfer function corresponds to a torward-Euler z-transtorm transter tunction ot a

lossless integrator |6].

By changing the input current sampling phase, the non-mvertmg ST antegratos
becomes an mverting integrator. Fig. 2.4 shows the second-generation invertung Shntegra

tor. Its z-domain transter function is given by

H(:) = = - . (1:0Q.2.7)

This transfer function corresponds to a backward-Euler z-transtorm transter tunction of &

lossless integrutor [6].
10
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| T
| |
|
2' : AY !\J { | \
!, by (‘*M} S 2
S |
| d 7 *‘ I(J
- =
4 >
[ ! el
} & Illw /) ; o | ll‘
T
>) Iy T, - Rl T,
| | A

Fig. 2.4 A sccond-generauon Shinverung mtegrator

Fig. 2.5 shows a ST tegrator with multiple inputs. The torward-Euler. backward-
Euler and teed-torward imput currents are weighted with ay. @2 and «3 by scaling the W/L
ratios of the output stages supplying these input currents. The output stage has a unit

werght, The output current in the z-domain is given by

-1
Ay A, Ayt -:)

1) S ) - h‘_llw(:)—‘-"‘_“':‘l‘—_lg(:)' (EQ. 2.8)
| ) - 1 - :

where f\| =dq. “\3 =d> and A3 =da.

Using the ST memory cells, the Sl differentiators can also be built. Fig. 2.6 shows a

second-generation Stinverting difterentiator. The operation of the ditferentiator is follows.

1t
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”I’l
. }fq‘ ) )’ \\ \‘ N
2 - S
u~I- \Y
M2, t ;
(l;lg (DI : ‘ i >
SR )
1 ‘ ! }
( "D‘ j: I'\ Il t (D‘ 1‘! I‘
! v - v i A
- lw |‘|‘] M l 3
P2
% | |
| ! A
(1) Cheutt sehematie
-(lll.'l
nm) - - ---»
N |
15 . { - ; 1,tn)
i~y - - - "( +) 1 >
- 7 (1 -2 ;
-eiz(] s/ '
13Ny e -

(b) The 7-domam block dragram

Fig. 2.5 A second-generation SEntegator with multiple inpuots

On phase @7 o1 the clock period n- 1. tranststor Ty s diode-connected and s dram cunent

Iy1s grven by

Iy = J+1(n- 1) (}:0).29)
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) D (] a1 (|
I, )
— ] 1y
I - —

- / L | >

¢2——d ! Zi 0y
i !

Ty T | l: T3
] | A

Fig. 2.6 A second-generation Sl inverting differentiator

On the next phase ¢, of clock period n, transistor T, is diode-connected and its drain cur-

rent /5 is given by

Iy = J+l (n) -1 (n-1) (EQ. 2.10)
By the current mirror operation of T3, the output current /[, is given by
I, (n) = (--,\)|1,(n)~1,(n—|)|. (EQ. 2.11)
and thus, the z-domain transter function of the differentiator is obtained as
1,2 -
H(z) = ~——— = -A(l-2 ) (EQ. 2.12)

This equation represents a backward-Euler lossless differentiator |6].
13
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o33 *’21/__ 1 (| Jd} ] (D

Otzli:_z__iz/_,_ /
_’/._.._.__ V“__ ’
oyl » 0y
- ~~

Di’ I: T, T, Ellﬁ_\l‘ | ' ‘l Ty

(a) Circuit schematic

f(n)
—(l-z") Y

(b) The z-domain block diagram

Fig. 2.7 A second-generation SI ditferentiator with multipie inputs

As with the S integrator, for a malti-input application, all input currents can be con-

nected to the input of the differentiator directly. Fig. 2.7 shows a ditferentiator with multi-

14
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ple inputs |6]. The output current of the differentiator 1s given by
1,(2) = —a, (1~ z_l) Iy (z) + (12:—‘]12(:) ~aqly () (EQ. 2.13)

The first term of the equation corresponds to the backward Euler mapping of a lossless dit-
ferentiator, the second term to a unit delay, and the third term to inversion and feed-for-

ward operations.

2.3 SI Filters

Filtering is a major application of the switched-current technique. There are a num-
ber of papers dealing with the SI filter design [10],[11],] 12]. Since the SI integrator and
difterentiator, from the transfer function point of view, correspond directly to the switched-
capacitor integrator and differentiator, respectively, all the synthesis techniques developed
for the design of switched-capacitor filters can be used for synthesizing switched-current
filters. Mapping from a SC filter to a Sl filter is a straight forward process with the second-
generation integrator, as there is a direct correspondence between capacitor ratios in the

SC tilter and aspect ratios W/L in the SI counterpart.

As an example, a z-domain block diagram of a biquadratic section [5] is shown in

Fig. 2.8 and its transfer function is given by

2
1 {2) (e va Y +(dd,-de~2d,)2+a
576 13 75 6 6
H () = = ’ > ’ (EQ. 2.14)
(l+a4): +((¢2(z3—a4—2)z+l

The circuit implementation with second-generation SI inverting integrator and non-invert-

ing integrator is shown in Fig. 2.9 [ 6]

15
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as
ay
in) ) — .
! 1 -3z I 1,
T - l ’ _.__’ - —— ‘ —_l _’
-z -7

as+ag(l-z° hy

L8

Fig. 2.8 A z-domain block diagram of an integrator-based biquadratic section

ayl,
* gy ) __: _ﬂ o
Lol @2 a@® | e aDZJ ® @ ®
] —-—-:—Tm_; ——: J arl | ayl -
N I(’
q)zr m % T o| | | -
= o AL
I 3 A
1 | 1 az I | l (:2— —_u;
das ll -
ag I ]

A 4

Fig. 2.9 A second-generation Sl integrator-based biquadratic section
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2.4 SI D/A and A/D Converters

The switched-current technigue is an attractive means of implementing data conver-
sion schemes, since switched-current circuits do not require linear capacitors and, in gen-

eral, are capable of working with low supply voltages.

Some switched-current D/A and A/D converters have been proposed that use algo-

rithmic sutructure or X-A modulator [ 13], [14], [15], [ 16]. Fig. 2.10 shows a simple example

/ S0 s Iy
ref e e 4 Ia
———p s

I 12 1

Fig. 2.10 A SI algorithmic D/A converter

of an algorithmic D/A converter. The circuit consist of two SI memory cells. The memory
cell Ty has an extra 1/2 scaling stage used for the implementation of divide-by-two func-
tion. The operation of the conversion is started from the least significant bit (LSB). Con-
version of each bit (one conversion cycle) needs 2 clock cycles. The operation of the
converter is as follows. In the first clock cycle, switches Sy and Sy are closed if the first
digital bit is *1°, the current /| is set to (J + I'rep. The current I becomes (J + I'e)l2 and
therefore., /5 equals to I,/2. The reterence current is divided by two at this point. If first

digital bit is *0°. §y) is opened. The current I} equals to J, I; equals to J/2, and therefore, 7,
17



*

REVIFW OF THE S1 THECHNIQUES

is zero. The transistor T3 samples and holds 7,5 by closing the switches 8> and Sy and /3 =
J + 1,5 Next. S| and Sy are closed. [,3 =] - Iy = ;2. It the second digital bitas 17, Sy 1s
closed. T) samples and holds the reterence current and the current trom T, the current /
is set to ) + 1,0+ 13, 1t the second digital bit is "0°. T only samples and holds the current
from T5, and 7y will be setto (J + /,;3). The operation is repeated until the most signiticant
digital bit (MSB) is converted. In contrast, T} adds and holds the current signals from
switches Sy and Sy4 at every conversion cycle, and this current is divided by two and loaded
into Ty through T5. In other words, during each conversion cycle the previous conversion
current is divided by two and added with the reference current or the zero current. The

algorithm of the D/A converter, therefore, is given by

n
k=1 .
() =1, %27 (EQ. 2.15)
f=1
At the end of the conversion, switch Sg is closed to present the converted current to the
output. The accuracy and resolution of the D/A converter is limited by the ratio-crror of Ty

and T.

Fig. 2.11 gives an example of an A/D converter that uses ratio-independent algorith-
mic conversion operation| 16]. The advantage of the circuit is that the conversion accuracy
is not dependent on the ratio of transistors. The conversion starts with the MSB. The oper-
ation of the A/D converter is as follows. In the beginning, switches Sy, Sy and Sq are
closed, the current [} = I,. Then, switches S, and S5 are opened while 54 and Sg are closed,
and the current /5 = /;. Both currents /; and /I are loaded into T3 by opening Sy and S5 and
closing Ss, S4. Sg and S+. The current I3 now becomes 2/,. Then, opening the switches S,
S4 and S5, and closing S¢ and Sg, the doubled input signal 2/, is compared with the refer-
ence current [, If the signal exceeds the refercnce, the MSB is a *I7, otherwise itis a “0°.

To convert the next bit, the signal current, which is stored in T, is loaded into T by clos-

18
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ing Sy, Syand Sq. If the previous output digital bitis ‘1°, Sy is closed and the signal current
in T’y is subtracted by the reference current. It the previous output digital bit is ‘0", Sg is
opened, and the signal in Ty remains unchanged. Once Ty is set. T is also set in a similar
way. The conversion is then repeated with the same operation as with the MSB operation

and 1t continues until the desired resolution is achieved.

V (digital)
b \ o

Fig. 2.11 A current mode ratio-independent algorithmic A/D converter

The conversion speed of the circuit is 4 clock cycles for each bit of conversion.
Thus, an N-bit conversion requires 4N clock cycles. The maximum conversion accuracy
and resolution is limited by the switch charge injection and the finite impedance of the

MOS transistors.

19
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2.5 Analysis for the Effects of Non-Ideal MOS Devices

So far, we have reviewed the principle of the SI technique and their applications.
However. the pertormance of these SI circuits is based on the assumption of employing
ideal MOS devices. As we know, a MOS device in practice is never ideal. A SEercemt will
suffer from degraded performance through analog crrors resulting from the non-ideal
MOS transistor characteristics. In this section. we will study the effects of using non-ideal
MOS devices through an analysis of the second- generation SI memory cell, hereatter des-

ignated as the simple memory cell.

The non-ideal characteristics of MOS transistors stem trom:

1. Channel length modulation caused by the drain voltage vanation resulting trom the

changes in the drain current.

[

Gate-drain and gate-source parasitic capacitances, and channel charge that produce the

switch charge injection resulting in memory current error and harmonice distortion.

3. Non-zero closure resistance of MOS switches causing incomplete charging of the
memory transistor gate capacitor when the transistor is diode-connected, and thus lead-

ing to settling time error.

4. Process mismatches between the memory transistor and scialing transistors (current

MITTor transistors) causing current gain error, oftset error, and harmonic distortion.
5. MOS transistor thermal noise and 1/ noise resulting in memory current errors.

Since the thermal noise and I/f noise are not significant in SI circuits [6] as com-

pared with other errors, they are not considered in this thesis.

20)
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2.5.1 Effects of Channel Length Modulation and Non-Zero Closure Resistance

The channel length modulation, also called the finite impedance problem. is caused
by the channel shortening of the MOS transistor. When the simple SI memory cell works
in the sample mode, the memory transistor’s drain voltage is forced to be of the same value
as the gate voltage. When the memory cell works in the hold mode, the gate voltage is held
almost constant and the memory transistor outputs a current to its load. If the drain voltage
changes, the output current also changes because of the channel iength modulation. The

change in drain voltage causes an error in the output current.

£ H{ [‘ ___~> Coy — Sm Lo

() An NMOS transistor (b) Equivalent circuit

Fig. 2.12 An NMOS transistor equivalent circuit

Fig. 2.12 shows the small signal equivalent circuit of an NMOS transistor. When
constdering the channel length modulation eftect, the drain current of @ MOS transistor is

given by

3 3
- ‘j(v‘,\— V)Z(L+AV,) (EQ. 2.16)
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where A is the channel length modulation factor. B = AptWILYL and Ay 1s the process gam
factor. This effect may be moditied tor small signals by a dram conductance g, and 1t s
given by

al,
g o= —2 = a1, (EQ. 2.17)

()Vd

where [ is the ideal drain current. When considermg a cascaded ST memory cell apphea-
tion, a current error is produced due to the output conductance g, ol the previous stage,
the output conductance g,o of the present stage. and the non-zero closure resistance 1g, ol
the MOS switch. Fig. 2.13 illustrates the effects of the finite output impedance ot MOS
devices. With the finite output impedance of MOS transistors, the input current ' to the

next SI memory cell is given by

o= (HQ. 2.1%)
L9182 &
—_—

L m?2 8 3

Letting g1 = 802 = &, and since in typical applications, g, << g,,.. g3, (EQ. 2.18) can he

rewritten as

2e, 8,
PN ST (EQ. 2.19)

Hence. the error current Ai due to the finite impedance 1s given by

(2y“ £ .
At = 1—~1'=1 — + — (1. 2.20)
(4,2 #3)

Thus. it is obvious that the channel length modulation of the memory MOS transistors and

22
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non-zeto closure resistance of MOS switch produce a current gain error. Usually, when the
signal current is small, the effect of the non-zero closure resistance 1/g, of the switch can

be ignored. The error current then becomes

NG
Aro- 0 " b = (EQ.2.21)
\2,2)
However, when signal current is large, such as in D/A or A/D converter applications, the
non-zero closure 1esistance atfects the SI circuit performance. To reduce the etfect of
channel length modulation, there are two solutions. The first is to keep the drain voltage

constant and the second is to increase the output resistance of the memory cell.

Stage 1 : Stage 2

Fig. 2.13 An illustration of the eftect of the finite output impedance of MOS transistors

23
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2.5.2 Effect of Switch Charge Injection

When a MOS transistor switch is turned on, a quantity ot charge 1s stored mits chan-
nel. When the switch turns otf, the charge is injected to its surrounding cucut nodes. In
addition to the charge from the intrinsic channel, the charge assoctated  with the
feedthrough etfect of the gate overlap capacitance also adds to the charge injection effect
[24). The switch charge injection creates an error voltage in the pate of the memory tran-
sistor of the SI memory cell. as illustrated in Fig. 2. 14 The analysis ot switch charge injec-
tion is quite complicated because the value of the error voltage 1s the tunction of the switeh
turn-oft rate, the aspect ratio of gate capacitance ot Ty and T, the switch transistor wesis-

tance. and the signal source resistance.

Veka

Vi
T, Y S

Ve 1 d

- .

switching

potnt
+
| E /
|72 ) — VL
- - ! >
Iy I '
(a) Memory cell with switch charge injection (h) Clock wavetorm

Fig. 2.14 An illustration of the switch charge injection etfect
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v,

Fig. 2.15 Circuit for switch charge injection analysis

Fig. 2.15 shows a circuit which is used for switch charge injection analysis. Capaci-
tance Cy is the lumped capacitance at the data-holding node. The resistance Ry is the out-
put resistance of the signal source, and Cy is the lumped capacitance associated with signal
source output capacitance. A numerical solution [24] shows that the charge injected into
the data holding capacitor C; depends on the ratio of the capucitors, Cg /Cy. and on the

vilue of channel charge parameter B given by

B o= (V, -V, ) B/UC) (EQ. 2.22)

where Vv, =V + Vv and U is the falling rate dV/dr of the switching clock.

11!
I. When the switch turn-off time is much smaller than the time constant RsCs, the chan-

nel charge is shared between Cg and €. It is independent of the ratio C¢/Cy.

2. When the switch turn-oft time 15 much larger than the time constant, the majority of

25
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channel charge goes to the node with Targe capacitance. The charge splits according 1o

the ratio of Cy /Cy.

‘w

When the switch tum-off time 1s comparable to the ume constant, the charge sharing

depends on the value of B.

4. When ratio Cg/Cy = 1. the channel charge s shared equally regardless o the value ol

B.

The switch charge injection error voltage causes an error m the output current ot a S|

memory cell. Fig. 2,16 1llustrates the error current caused by the switch charge mjection

V+oV

Fig. 2.16 An illustration of the error curtent caused by the switch charge mjection

error voltage 0V. The drain current I’y contams three parts: @ de current J, an adeal signal

current i, and an error current i,, The de current ) 1s given by

3
J = —(V

,
5 (Vay - V) (1.0).2.23)
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where {3 = k,(W/L) and V, is the threshold voltage. In the ideal case, the drain current /; is

=1ven by

3
I, 111 = ‘-2—(v,,.'\.+ v, - v)? (EQ. 2.24)

By considering the switch charge injection error voltage dV, the drain current of the mem-

ory transistor is given bv

N

Vo= dvida = (Veow Vo =V +8V) 2 (EQ. 2.25)
By comparing the ideal and non-ideal cases, we have

r, A BV \*
Izl k v(i.\' 1 v):\ - vl }

| 28V sv2
- ‘ i
Viy # Vo=V (v v, —v)? (EQ. 2.26)
From (EQ. 2.23) and (EQ. 2.24), we have
! I /
Vo d V. —V, V.- V,\/J v (EQ-2.27)

using (EQ. 2.24) and (EQ. 2.27) in (EQ. 2.26) and letting i + i, = i,,, we obtain the output

current of the memory cel! as

25Vy J+i B )
-0k +=8§Vv~© EQ.2.2
LTTVITTVATT T (EQ.2.28)
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By applying the binomial expansion, the output current given by (EQ. 2.30) can be written

as
Lo = oo ¥l s (£Q. 2.29
where
B. » 28V ‘
Loy = 70V7+ WSy (1Q. 2.30)
and

r oV
L., = ifr+ —
' (v(r.\' - V,)

28vy [ | 2 1 ! 3 5 . 4
_(V(;s“vl)_ “'(.—) 'F“'“(“,) ““_—(j) fo.. (EQ. 2.31)

+

From the (EQ. 2.30) and (EQ. 2.31), it is seen that the switch charge injection error
voltage produces a dc offset current, an ac current gain error and harmonic current distor-
tion components. The dc offset erroris determined by (EQ. 2.30), the ac gain erroris deter-
mined by the first term of (EQ. 2.31) and the harmonic distortion is determined by the

second term.

2.5.3 Settling Time Error

The operation of the SI memory cell involves charging of its gate capacitor to the gate
voltage of a diode-connected memory transistor. It the charging 1s not completed during the
sample period in which switches S; and So are closed, a residual error voltage results. At
the end of the sample period, the switches S and S are opened. the error voltage is stored

in the gate capacitor and results an output current error as illustrated in Fig. 3.6, where g,

2%
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is the signal source output conductance, g,, is the memory cell output conductance, and R

and Ry are the closure resistance of the switches S and S,, respectively.

R,

~\— A
D zn A S

Voo C.-

oy g——

v

(a) Equivalent circuit of the simple SI memory cell
with switches Sy and Sj closed, and S3 opened

,()
4

e S

Vs +AV Cg::

Em

(b) Equivalent circuit of the simple SI memory cell
with switches Sy and S opened, and S5 closed

Fig. 2.17 An illustration of the memory cell settling time error

In a practical circuit, g;, and g,, are very small as compared with g,,,. The resistors R}

and R» can also be ignored. Theretfore, the s-domain transfer function of the circuit is sim-

ply given by
L ! EQ. 2.32
i (s)  st+ (EQ. 2.32)

wm
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where T is e time constant and it is approximately equal to C,, /g, . This time constant

causes a non-zero settling time error described by

i=i, (1=-¢ ") (£Q. 2.33)

For low-frequency applications, the effect of non-zero settling time error is not sig-
nificant. However, for high-frequency applications, non-zero settling time error causes

current distortion [25].

2.5.4 Process Mismatches Between the Current Mirror Transistors

When a scaled output current is required, a current mirror circuit is used. The pro-
cess mismatch between current mirror transistors produces scaled output current errors.
The mismatches between transistors could be in the threshold voltage V,. the device aspect
ratio W/L, the process gain factor K,,, or in the channel length modulation parameter A.
Most process mismatches result only in the current gain error in a SI memory cell, but
threshold voltage mismatch causes dc error, current gain error, and harmonic distortion.
The threshold voltage mismatch between the mirror transistors creates an error voltage AV,
as shown in Fig. 2.18. Thus, the effect of the AV, is the same as that of the switch charge

injection error voltage.

2.6 An Overview of the Existing SI Memory Cells

As discussed previously, the performance of the simple SI memory cell (the second-
generation cell) is significantly atfected due to the non-ideal characteristics of the MOS
devices, such as channel length modulation, switch charge injection, non-zero closure
resistor of MOS switches, and mismatch between the memory transistor and a scaling tran-

sistor if a scaled output is required. To overcome theses problems, several SI memory cell
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Fig. 2.18 Anillustration of the effect ot the threshold voltage mismatch

design techniques have been proposed. Two typical examples of these memory cells are

given bellow and their performance are discussed.

2.6.1 Regulated Cascode SI Memory Cell

The ettect of the channel length modulation can be reduced by using a cascode cir-
cuit which replaces the single memory transistor with a cascoded or regulated cascoded
transistor. Fig. 2.19 shows a regulated cascode memory cell (RCMC) [17]. When the oper-
ation of Ty is in its saturated region, an improvement of three orders of magnitude is possi-
ble in the output resistance of the cell as compared with the simple memory cell.
Alternatively, Ty can be operated in the unsaturated region, in which case an improvement
of only two orders of magnitude in the output resistance is achieved. But, this gives a
somewhat improved performance with respect to the switch charge injection error. How-

ever, this circuit still sutters from an unsatisfactory switch charge injection problem.

3
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1, Si 83
40, "
S, N -
Iy

'”:-7 Ty

Fig. 2.19 A regulated cascode memory (RCMC) cell

2.6.2 Fully Differential SI Memory Cell

With the output resistance of the SI memory cells much improved by using the cas-
code or regulated cascode structure, the switch charge injection becomes the dominant
performance limitation of the SI technique. There are several ways to reduce the effects of
the switch charge injection | 18], [19]. The most common methods are based on vartous
matching mechanisms to achieve switch charge injection cancellation, such as the use of
dummy switches or CMOS switches. Unfortunately, these methads are not very efficient in
reducing the effect of switch charge injection and in some cases the effect may even
worsen. In order to overcome the problem of the switch charge injection, an algorithmic SI
memory cell [20] has been proposed. The algorithmic SI memory cell uses three basic
cells and needs six clock cycles to achieve the cancellation of the charge injection,
Although the algorithmic SI memory cell can reduce the eftect of switch charge injection
by as much as two orders of magnitude as compared with the simple memory cell, it
increases power consumption by a factor of three and reduces the operating speed to one-

sixth of the simple memory cell. To overcome these problems, a fully differential SI mem-
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ory cell (FDMC) [ 14] has been proposed.

Fig. 2.20) shows the tully differential SI memory cell proposed in | 14]. The fully dit-
ferential circuit achieves the highest level of analog performance by the first-order cancel-
lation of the switch charge injection offset, and by reducing the cross-talk from the
neighboring digital circuits through the common-mode rejection and the power supply
rejection of the amplifier. However, the complexity of the circuit is quite high because of

the use of the common-mode feed back circuit, double switches, double wires, etc. In a fil-

tering application, the coefticient transistors are also required to be doubled. This inevita-

bly increases the chip area.

Fig. 2.20 A fully ditterential memory cell (FDMC) with common-mode feedback
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2.7 Summary

In this chapter, the SI technigue for analog signal processing has been reviewed. A
SI circuit can sample and hold the current signals through the chage stored on the gate
capacitor of a MOS transistor. Therefore, a Sl circuit can perform the analog sample data
processing without requiring linear capacitors. Since the signals in a SI cireuit are pre-

sented as current, it is possible to work with low power supply voltages.

The etfects of non-ideal characteristics of the MOS device i the simple memory cell
have been analyzed. From the analysis, it is seen that the performance of the simple Sl
memory cell is strongly dependant on the characteristics of the MOS transistor used in the
cell. Since a SI memory cell is the key building block of a SI circuit, the non-ideal MOS
transistor can significantly attect the performance of the SI circuits. Because of the non-
ideal characteristics of the MOS transistors, the simple S memory cell produces unaceept-
ably large analog errors that make the SI circuits less attractive than the SC circuits. To
reduce the effects of non-ideal MOS devices, some SI memory cells with improved perfor-
mance have been proposed. However, these cells <iill have the problems of low accuracy,

low dynamic range and circuit complexity, etc.
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Switched-current circuits are built around switched-current memory cells as building
blocks. A switched-current memory cell is the most important functional unit, as its char-
acteristics determine the performance of the overall switched-current circuit. As discussed
in Chapter 2, the simple memory cell produces large analog errors due to the non-ideal
character istics of MOS devices used in the design of the cell. These analog errors signifi-
cantly affect the performance of SI circvits. Therefore, design of a high-performance SI
memory cell is essential to the SI circuit design. Although several SI memory cell design
techniques have been proposed to provide improved performance |6],[17],]20],[2 1], there
are still problems, such as switch charge injection, settling time error, parameter mismatch-
ing. circuit complexity and dynamic range. that must be dealt with to provide high-petfor-
mance cells. In this chapter, we will propose a new high-performance SI memory cell
design technique using a single-ended ditferential amplifier. A new difterential ST memory
cell is then introduced which uses a moditied operational transconductonce amplifier [1].
The new Sl differential memory cell uses a difterential amplifier as the input stage, where
two matched switches are used for both of the inputs ot the difterential amplifier for data
sampling. This cancels the clock feedthrough problem and reduces the channel charge
injection. At the output stage of the SI memory cell, a complementary (PMOS and NMOS)
regulated cascode circuit is used. The output resistance of the memory cell is, therefore,
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expected to be increased. In order to further reduce the settling time without visking insta-
bility. a modified differential memory cell is proposed. The moditicd memory cell is also
designed using a folded amplitier structure. The proposed cells are theoretically analyzed
taking into consideration the non-ideal characteristics of the MOS devices. An HSPICE
simulation is carried out for the current gain error. settling time, harmonic distotion, and
power supply rejection ratio (PSRR). Finally, the cells are implemented using the standard

1.2 4 N-well CMOS process technology and tested in the laboratory.

3.1 Proposed Differentiai SI Memory Cells

To overcome the problems associated with the non-ideal MOS transistor characteris-
tics and to decrease the circuit complexity, a high-performance ST memory cell design
technique using transconductance operational amplitier and single-ended tolded cascode
amplifier is proposed. In this section, we will first give design technique and then discuss

the performance of designed cells based on the theoretical analysis and simulation results.

3.1.1 Principle of S Memory Cell Design Using a Differential Amplifier

As discussed in the previous section, a fully difterential ST memory cell achieves the
first-order cancellation of switch charge injection offset because of the common mode
rejection feature of the circuit. However, in the current mode, a single ended difterential
amplifier can achieve a performance similar to that the fully differential amplifier. Fig. 3.1
shows the block diagram of the SI memory cell using a single ended differential amphher
and the switching control waveform used for its operation. In this memory cell, two
matched switches Sy and S, are connected to the inputs of the differential ampliher. The
operation of the circuit is as follows. When the clocks ¢y and ¢, are high, and ¢; 1s low,
the switches Sq. Sy and Sy are closed, and Sy is opened, the memory cell 1s in the sample
mode and it samples the input current /. When the clock ¢’ goes low, the switches S; and
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S, are opened. Since the S| and S; are matched, the switch charge injection from S; and
Sp become a common-mode signal to the ditferential amplifier and it is rejected by the
amplifier. Next, when the clock ¢ goes low and ¢, goes high, Syopens and S5 closes, the
memory cell is in the hold mode and it outputs the current /, = -/;. Note that the clocks ¢
and ¢, are designed to be overlapped for removing the current glitch. Thus, it is seen that
the memory cell using the single-ended ditferential amplifier achieves the common-mode

rejection in the current-mode operation as the one using fully differential amplifier.

¢ ’ \
Yl o /—_“{\_
) 02 —
S I
) ' N % \
V[,___ \ S3 —>»| |¢— <+
SZ ) t
(a) Block diagram (b) Switching control waveform

Fig. 3.1 A SI memory cell using differential amplifier

3.1.2 Differential Memory Cell Using Transconductance Amplifier (DMC-1)

Fig. 3.2 shows a schematic of a differential ST memory cell (DMC-I) built with the
structure of an operational transconductance amplifier. A differential amplifier is used as
the input stage and the output stage consists of complementary (PMOS and NMOS) regu-

lated cascode circuits tor increasing the output resistance.

Assume that N is the ratio of the transistors T4 to Ty or transistors Tg to Ty,. By the
current mirror circuits, we have /5 = N/3 = NIy and 74 = NI;. When the input current signal
I, is zero, the currents Iy = I = J and thus, I5 = NJ and I = NJ. The operation of the cell is
as tollows. On phase ¢, switches Sy, S5 and S3 close and S4 opens, giving /5 = (NJ + [;/2)

and 1y = (NJ - 1/2). Since I5 = NI3 = NIj and Iy = NIy, I} becomes (J + [/2N) and I,
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becomes (J - /;/2N). The current /; charges the gate capacitor of Tj o a voltage of Vel
establishing a differential input voltage AV =V, - Vi that is required o maintain the cur-
rents Iy = (NJ - //2) and I5 = (NJ + [,/2). On phase ¢». Sy, S>and Sy open and 8 closes.
Since the differential voltage AV =V, - V5 remains unchanged. the cell maintains /y =

(NJ - 7/2) and I5 = (NJ + [;/2), giving the output current I, = Iy - [5 = -I,.

A . [:N o - ] 'l‘ur
Ts L = {L_ JI —“"—.rxf“"lr
5@:35 A

Ty

Fig. 3.2 A differential memory cell using transconductance amplifier structure (DMC-1)

Transistors Ty and Tep are two optional components connected as MOS capacitors.
The use of Ty and Teg is to increase the gate capacitances of the memory transistors. In
applications requiring very small analog errors, such as high-accuracy A/ and D/A con-

verters, Tey and Ty can be used to reduce the switeh charge mpection effect.

3.1.3 Differential Memory Cell Using Folded Cascode Amp!ifier (DMC-II)

Fig. 3.2 - .ves the schematic of another difterential memaory cell (DMC-1I) built with

the structure of folded cascode amplifier. Similar to DMC-I, a differential MOS transistor
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pair is used as the input circuit and the output circuit consists of a complementary (PMOS

and NMOS) regulated cascode circuits connected in a folded cascode form.

I _:S,/ I =5 o
I
T
[ll ’21 4 @j’ l
Tsr—_‘%_ [: TXQ‘L'H::
Vhl | T;h’__: T/Jl E
21 2)
| !

Fig. 3.3 A differential memory cell using tfolded cascode amplifier structure (DMC-1T)

The operation of the cell is as tollows. On phase ¢, switches Sy, S5 and S4 close and
S4 opens, giving Iy = - 1/2) and Is = (J + 1 /2). Since the Iy = I3. 1} becomes (J - 7/2) and
I becomes (J + 1/2). The current /; charges the gate capacitor of Ty to a voltage of V,,y
establishing a differential input voltage AV =V, | - V, that is required to maintain the cur-
rents [y =(J - 1/2) and I5 =(J + 1,/2). On phase ¢;. Sy, Sy and S3 open and S4 ~loses. Since
the differential voltage AV =V - V,,, remains unchanged, the cell maintains /g = (J - 1/2)

and 75 = (J + 1,/2), giving the output current /, = -1;.

Just as in DMC-1, two capacitors, Te and Ty can be used in DMC-II to increase
the gate capacitors of the memory transistors and to reduce the etfect ot switch charge

injection.
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3.1.4 Analysis of the Proposed Differential Memory Cells

The pertormance of the ditferential memory cells is, in general, improved i reduc-
ing the etfects of non-ideal characteristics of the MOS transistors. In this section, we will
study the performance of the two propuosed difterential memory cells, DMC-Tana DML
through ai analysis of the cells taking into consideration the non-ideal characteristies ot

the MOS transistors.

e Channel Length Modulation

Fig. 3.4 shows the 1egulated cascode circuit part ot proposed memory cell and s

equivalent circuit for the calculation of the output resistance of the memory cell.

From Fig. 3.4, we have

Vo=~ b e, (HH g ae) 1Y, (EQ A1)

o

I:lll = ‘L"m l?_vln (li(() %«2)

By using (EQ 3.1) and (EQ 3.2). the output resistance ot the regulated cascode cireut can

be written as

vV

Fow = == =0l beg, o (h e, or o) (EQ 13

on

In practical circuits, g fon >> 1oand gy08 0 >> 1 Assuming that £,,10 = Byt = 2 =

g and rypg = ro) = roiz=r. (EQ 3.3) can be simplihed as

ro,=gr (EQ34)
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.a) The regulated cascode part of DMC-I or DMC-11
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(b) The equivalent circuit of the regulated cascode circuit
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Fig. 3.4 The circuit used for the analysis of the output resistance of the proposed cells

This equation g.ves the output resistance of the NMOS part of the cell,. In a similar man-
ner, we can obtain the output resistance r,,, of the PMOS pan. . ..e total output resistance

of the cell is given by

r.r , <
poo el g (EQ3.5)

r +r
on ap

where it has been assumed that ry, =1y, = 1.
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Thus, by the use of the regulated cascode circuits as the output stage ot the proposed
memory cells, the output resistance of the cell is improved by three orders of magnitude as

compared with that of the simple memory cell.

Another feature of the proposed memory cells is that despite an improvement of the
three orders uf magnitude i the output resistance. the output voltage swing remains 2V ¢

- V.. This feature is very useful for a memory cell working with low supply voltages.

o Switch Charge Injection Cancellation

The ditferential memory cell shown in Fig. 3.1 uses a difterential amplitier as the
input stage and two matched switches to sample the differenaal signal. The clock
feedthrough problem introduces the same error voltag, s on the two input gate capacitors
giving a common signal error in the sampled value. Alth . =% the differential input voltage
introduces the difference of two channel charges into the two matched switches, this error
is less than what it is in a non-differential memory cell. The proposed memory cells e
now analyzed for the effect of switch charge injection using the block diagram shown in
Fig. 3.1 (a). Fig. 3.5 depicts an equivalent circuit for determining the charge injection. The
channel charge from the switches Sy and Sy create esror voltages 6V, and 6V, respec-
tively, and we have 8V =03V, - 8V,p. From (EQ. 2.22), the channel charge parameters tor

the two switches are given as

By= (Vy =V ) yBy/ucy (EQ 3.6)
By= (Vy=V,0 B/ (UCY (EQ3.7)

Assuming that the switches Sy and S; are matched, we have 1 =, =Band C; =Cy = C.

The only difference between B and By is that Vi =V, + V. and Vyyn =V, + V0.
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Therefore, in general, the channel charge injection will introduce the same error voltage on
the capacitors C; and Cy, thus, giving no differential error in the sampled values. Although
the differential input voltage V;,, = V;,1 - V2 introduces a difference of the channel charge
in the two matched switches, the value of V;, is very small in the differential SI memory
cell, since the gain of the memory cell is large. Thus, the effect of switch charge injection

is very small, since it depends on the value of V,,.

Vck
r'y #_ Sl
AN, T T Var +8Vg
Vini ? Cii ‘L C é Vo + 8V
;7[ T in
v l
's2 T——[—_ SZ IV(Q + SVJZ

Fig. 3.5 Anequivalent circuit for determining the effects of

switch charge injection in the proposed memory cell

o Input and Output Current Dynamic Range

Usually, the maximum input and output current dynamic range of memory cells are
determined by the bias current of the memory transistors. However, the memory cell
DMC-I can achieve a large dynamic range by increasing the value of the ratio N. The total
bias current of DMC-l is [;, = (3 + N)J. For large N, the maximum dynamic range of the
current /, or [, is about + 2NJ. Thus, the maximum dynamic range of the cell is approxi-
mately equal to the 4 times the base current. This is compared with maximum dynamic

range of 21, for the simple cell and the RCMC, and [}, tor the FDMC.
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The maximum dynamic range of output current/, of DMC-ILis about +2J. The total
bias current [, of the DMC-II is about 4J. Therefore, the maximum dynamic range of

DMC-II is equal to the base current. which is the same as achieved with the FDMC.

o Settling Time

The analysis of the settling time error is the saume as that of the simple memory cell,
when a single-input, single-output equivalent of the differential memory cell is used. Here,

as shown in the Fig. 3.6, the time constant of the difterential memory cell is - ¢ /G,

il

@
§=
a
4
—
S

(a) An equivalent circuit of the proposed memory cells
with switches Sy and S; closed, and Sy opencd

I
Vin +AV Cin_L $ 8o
* T Gy

(b) An equivalent circuit of the proposed memory cells
with switches S and Sy opened, and S3 closed

Fig. 3.6 The circuit used for analysis of the settling time of the proposed memory cells
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where G, is the gain of the memory cell and C,, is the gate capacitor. If the gain of the cell
G, is large, the settling time can be reduced. The gain of the differential memory cell
DMC-I could be very large by increasing the ratios of aspect ratios W/L of the transistors
(Tg, Tg) and (T}, T}g). However, a large gain would cause a stability problem, since
DMC-I is built by a two-stage operational amplifier structure. Compensation circuit may
be required for fast settling time applications. This can be easily accomplished by attach-
ing a small shunt capacitor to the output of the cell [1]. The value of the compensation

capacitor C can be determined as

Lml (""m 12 + “"mx)
¢ = . EQ3.8
24,408 (EQ )

where GB is the gain-bandwidth product of the amplifier.

3.1.5 Simulation Results of the Proposed Memory Cells

To verity the performance of the proposed differential memory cells, HSPICE simu-
lation tool is used with typical 1.2 p CMOS process parameters. The simulation results of
DMC-I (shown in Fig. 3.2) and DMC-II (shown in Fig. 3.3) are compared with those of
the simple memory cell (shown in Fig. 2.2), the RCMC (shown in Fig. 2.19), and the
FDMC (shown in Fig. 2.20).

o Current Transmission Error

In this experimentation, two identical memory cells are connected as shown in Fig.
3.7 The error current detected includes the switch charge injection and channel length
modulation. To avoid the settling time error, the sampling frequency is set to only 100
KHz. Since the effect of the switch charge injection can be reduced by using large gate
capacitors or the memory transistors, to compare the simulation results with other of mem-

ory cells, the size of the memory transistors of the all the cells are set to be of comparable
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values. Table 3.1 lists the size of the transistors of the memory cells. The transistor ratio

parameter N in DMC-1 is set to a value of 8.

Test point

‘0‘—

Si S1
| memory memory [~
cell "[ cell
L o b + 9
i ) (/2)yVdd

\Y%

Fig. 3.7 Simulation circuit for the measurement ot the current transmission error

Fig. 3.8 shows the simulation results of the current transmission error. 1t can be seen
that DMC-I has the smallest current transmission error, and the current transmission error
of DMC-II is very close to that of DMC-1. When the signal current is less than 1 pA, the
errors (offset error) of DMC-1 and DMC-I1 are a little larger than that of the fully differen-
tial cell. The oftset error can be reduced by increasing the gate capacitor (the sizes of T

and Tcz).

Table 3.1 List of transistor sizes and base currents of various memory cells

Memory cell Size .()f memory Size ()t czfpucitnr Bias current
transistor (W/L) transistor (W/L) J
Simple 40pum /20 um - 100 uA
RCMC 40um /20 um - 100 nA
FDMC 100 um /2 pm 20 pm/ 1O um 100 uA
DMC-I1 40 um /2 um 20um / 10 pm 20 pA
DMC-II 100 pum /2 um 20 um / 1) um 100 uA
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Fig. 3.8 Current transmission errors of various SI memory cells

*  Power Supply Rejection Ratio (PSRR)

In order to examine the PSRR of the proposed memory cells, HSPICE simulation is
used with a distortion signal Vg, (the peak-peak voltage of Vypis 1 V) added to the power
supply of the memory cells. Fig. 3.10 and Fig. 3.11 show the simulation results in which the
PSRR of DMC-1 is compared to that of the FDMC. DMC-I has the same level of PSRR in
the voltage mode as that of the FDMC in the practical range of 0 to 1 KHz distortion of the
power supply voltage. In the current mode, the difterential memory cell has better PSRR
value than the tully ditferential cell when trequency is less than | MHz. From Fig. 3.10, we
can also see that when the frequency of distortion signal is higher than 1 KHz, the PSRR of

DMC-1 is getting worse than FDMC. However, for the trequency higher than 100 KHz, the
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output voltage of DMC-I becomes almost constant (about 25 mV) and there is a valley at
the frequency of 20 MHz. This is because of the use of regulated cascode circuit as the out-

put stage of DMC-I.

—

I
40007 DMC-I (proposed)

3500 — FDMC
3000

Vo/Vgp (mV/V)

2500 EEE
2000 "“\,"\/
1500 [— ,

10,00 ,

500 —

0.0 | L
le+03 te+07

f(Hz)

Fig. 3.9 Simulation results of 1/PSRR of memory cells when voltage is the output
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Fig. 3.10 Simulation results of I/PSRR of memory cells when the current is the output
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o Settling Time

As discussed in Section 3.1.4, a small settling time can be achieved by increasing the
gain of the memory cell, however, a large gain causes a stability problem. To investigate
the relationship between the gain of the memory cell, settling time and stability, we simu-
late DMC-I with various sizes of the memory transistors and gate capacitors. Table 3.2
gives the sizes of the memory transistors and capacitors where value of the ratio N is 10,

and J is 20 pA. Fig. 3.11 shows the simulation results. It is seen that when the gain of the

Table 3.2 Sizes of memory transistors and gate capacitors

Transistors

Curve (1)

Curve (2)

Curve (3)

W/L (um) of Ty, Ty

10/2

10/2

10/10

W/L (pm) of TC|' TC2

10/10

Settling time ¢, (1s)

0.14

0.4

0.17

160.00
140.00—

120.00

100.00

\37

80.00

60.00
40.00

ke

20.00

Output current I (LA)

-0.00
-20.00

-40.00

2.50

Time (uS)

Fig. 3.11 Settling time of the DMC-I
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cell is small, the cell has greater settling time. On the other hand. a larger gain reduces the
settling time, but this may lead to a stability problem. The larger gate capacitor would

increase the setthng time significantly but improve the accuracy.

Fig. 3.12 shows the simulation results of the settling time of the DMC-11. Since the
DMC-I1 is built with a single-stage amplitier structure, it is not prone to the stability prob-
lem. The settling time (7, < 70 ns) is also much shorter than that of DMC-1. Therelore,

DMC-Il is very suitable for high-speed applications.

94.20
94.00
93.80
93.60
93.40
93.20
93.00
92.80
92.60
92.40
92.2()
92.00

Y1.80
Y1.60 ' | L B R O
: 1.76 1.77 178 1.79 £.80

I, (HA)

ITTHTTTRTT TR TR TTT T

=
A

Time (US)

Fig. 3.12 Settling v e of the DMC-II

o Unit Gain Error and Total Harmonic Distortion (THD)

To evaluate the harmonic distortion of the proposed memory cell DMC-I, its
dynamic behavior is simulated using HSPICE and then the simulated results are analyzed
by using the FFT. Fig. 3.13 depicts the dynamic behavior of the output current which is
shown as sample and hold pulses. Fig. 3.16 gives the analysis results. Itis clear that the
maximum harmonic distortion is less than -71.6 db and signal-to-noise ratio is larger than
71 db at the input frequency of 100 KHz.

50



[, (HA)

Magnitude of I,

100 00

-100.00
-12000

HIGH-PERFORMANCE SI MEMORY CELL DESIGN

s
.‘:‘ “r-
L .
0' ‘\
Kg g
«
g

0 .

. .

" Ly

2
14
» ~
0
’ -3
(] L
& et
of 1 >
* i 3 s
3 (R L:
Y . ’
, L ¥
4 v
g . 1
‘\
s ’
s o
s 0
. xd
i v
K L
A »
s .
o A
B ,
-3

28.00 29.00 30.00 31.00 3200

Time (US)

Fig. 3.13 Dynamic behavior of DMC-1
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Fig. 3.14 Magnitude frequency spectrum of the DMC-I
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3.2 Prototype Chip Design and Testing

In this section, both the proposed memory cells are designed and implemented using
the standard 1.2 ¢ N-well CMOS process technology. The DMC-1 is designed in two dit-
ferent sizes for inve tigating the current gain eftect. One of them is designed with a
smaller open-loop gain and other with a larger gain. The DMC-11 is designed only with
one open-loop gain. The three cells are referred to as Cell #1. Cell #2, and Cell #3. respec-
tively. The three chips were tested in the laboratory and the results are discussed in this

section.

3.2.1 Chip Layout Design

Fig. 3.15 to Fig. 3.17 show the layouts of the designed ditferential memory cells.

Table 3.3 lists the sizes of the memory transistors and capacitors of the cells,

Table 3.3 The sizes of memory transistors and capacitors of the designed cells

Transistors Cell #1 Cell #2 Cell #3
W/L (um) of T and T, 40/2 o2 432/1.2
W/L (pm) of Teyand Tea 23.1/27 23.1/27 d4/21.5

Since DMC-I may have stability problem, the layouts of Cell #1 and Cell #2 contain
the frequency compensation circuit for the frequency compensation. The compensition
circuit consists of a MOS capacitor and a small size transistor used as a resistor and it is
connected between the cell output and the ground. The size of the capacitor is about 27 X
35 um2 (C =00.06 pF). The size of the resistor transistor 1s 3.9 pm/ 39 pm. The capacitor 1s
connected from the output of the memory cell to the resistor and the resistor’s other termi-

nal is connected to the ground.
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3.2.2 Test Results of the Prototype Chips

The three differential memory cells were tested in the laboratory. The performance

of the cells were evaluated in terms of the dynamic behavior, unit gain error, THD, settling

time, and PSRR. These parameters were tested separatc!y with 5 V and 3.3 V power sup-

plies. Fig. 3.18 shows the circuit for testing the cells. The input current is obtained by con-

necting a resistor between signal generator and the cell input. A BiCMOS operational

amplifier is used as a current-voltage convereer for testing the output currents.

Signal
generator

—

C=15pt

lo o 10 K \’
.Memory

R=10K

v, —| Cell

Vl) ]

R

Fig. 3.18 The memory cell testing circuit

* Dynamic Behavior

scope

+
/Uml

The test results show that the dynamic behavior of all the memory cells are the same.

Fig. 3.19 shows the behavior of cell #1. In this testing, the memory cell works as a sample

and hold circuit for a sinusoid input signal. The sampling frequency (f,) is 100 KHz, Vyq =

5V, V=25V, and the input signal frequency (f) is about 10) KHz with peak-to-peak volt-

age: (Vp.p) of 1 V. The dynamic behavior remains *he same when the power supply voltr ¢

ischrnged to 3.3 V.
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COLLELLE L

=

Output voltage V, (1)

| l | I
50.00 100.00 150.00 200.00 25(.00
Time (Us)

Fig. 3.19 Dynamic behavior of Cell #1 with £, =10 KHz and £, = 100 KHz

o Gain Error and THD

The current gain and the THD of Cell #1 and Cell #2 were tested with the power sup-
ply voltage Vyy =5 V. and Cell #3 with the power supply Vyq= 4.6 V (Cell #3 has the best
performance when Vg is 4.6 V). The sampling trequency f; = 100 KHz and input signal
frequency f, =5 - 10 KHz. Fig. 3.20 to Fig. 3.22 show the test results. An ideal SI memory
cell should have a current gain of [. From the unit gain error, we can evaluate the curre. t
tansmission error, and therefore, the ey ts of the switch charge injection and the channel
length modulation, The total harmonic distortion is & more important parameter than the
fain error in many signal processing applications. From Fig. 3.20 to Fig. 3.22, we clearly
see that the second and third harmonic distortions are small. However, by examining the
tfrequency spectrum of the input signal from the signal generator (see Fig. 3.23), it is seen

that the second and third harmonie distortions are also partially due to the impertection of
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the input signal generator. The SI memory cells create harmonic distortions less than 0.2,

Table 3.4 lists all the measured results (since the second and third harmonic distortions are

the largest distortion-,, the THD values given in Table 3.4 are calculated from the second

and third harmonics). From the test results, we see that Cell #3 has the best performancee in

the terms of gain error and harmonic distortions, and Cell #2 is the worst.

Table 3.4 Test results of the gain error and THD of the prototype chips
with Vgq=5 Vand f, = 100 KHz

Parameters Cell #1 Cell #2 Cell #3
Power supply V (V) 5 5 4.6
Current gain error (db) 0.4 -0.8 0.1
THD (db) -5§5.2 -31.4 -61.8
PSRR (db) (Vg p=1V) -59.4 =511 67.3
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Fig. 3.20 Magnitude frequency spectrum of Cell #1 (V34=5 V and f, = 100 KHz)
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Fig. 3.23 Magnitude frequency spectrum of the input sinusoid signal

To investigate the performance of the memory cells at a lower power supply voltage,

we reduce the power supply voltage form 5 V to 3.3 V. Fig. 3.24 to Fig. 3.26 show the test

results with this power supply voltage. Tuble 3.5 lists all the measured results. From the

test results, we see that the three differential memory cell have similat performance with

Cell #3 providing the best results.

Table 3.5 Test sesults of the gain error and THD of the prototype chips
with Vgq=3.3 Vand f, =100 KHz

Parameters Cell #1 Cell #2 Cell #3

Power supply Vgg (V) 33 33 33

Current gain error (db) -0.7 0.9 -0.1

THD (db) -52.3 -49.7 -52.9

PSRR (db) (Vg p= 0.5V) 57.5 50.1 589
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Fig. 3.26 Magnitude frequency spectrum of Cell #3 (Vyy = 3.3 V and £, = 100 K112)

Comparing the test results when the power supply voltage 5 V with those when it is
3.3V we find that the gain error of the memory cell is slightly increased when the supply
voltage is lowered. and the harmonic distortion of the memory cells become a little lager.
Overall, the gain and distortion performance of the cells iemains quite satisfactory when

the svoply voltage is decreased to 3.3 V.

e Current Dynamic Range

Fig. 3.27 shows the test results of the current dynamic range for the prototype chips.
From the test results, we see that Cell #1 has a very large dynamic range (when curient
change from () to 800 pA, the current gain error is less than (.5 db), and the dynamic range

of Cell #3 is small (about 200 pA). However, it is still satistactory.
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Fig. 3.27 Dynamic range of the prototype chips

e Sentling Time

The chips were te. ted for the settling time. Cell #2, when tested, was found to have a
stability problem. Thus, the value of the capacitor C (see Fig. 3.18) was increased to 31 pf
for this cell. All chips test results are shown in Fig. 3.28, trom which we see that Cell #3
has the shortest settling time and achieves monotonic settling. Cell #2 (with C =31 pf) has
the worst settling time. Since an operational amplifier is used for current to voltage conver-
ston in the test circuit. the settling time shown in Fig. 3.28 includes the slew rate of the

ope rational amplifier TLOS (about 13 V/uS).

To verify the settling time error effects, chips were tested to give the frequency spec-
trums with the sampling freqr2ney fy = 500 KHz and the input signal frequency f; = 50

KHz, and they are shown in Fig. 3.29 to Fig. 3.3 1. Table 3.6 gives measured results of the
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gain error, THD and the settling times of the chips. 1t is clear from this table that the per-
tormance of Cell #1 and Cell #2 gets worse when the sampling trequency s increased
from 250 KHz to 500 KHz. However. the performance of Cell #3 is approximately the
same for both the sampling frequencies. Thus, the tolded cascode STmemory cell (Cell #3)

has a better high-speed performance.

340 = 1 -
3300 Cell #1
320 | X (3 :
3.(1)8_ A A
~ ! "“/_ m’,\:}\\?\/\ wa R ;
> 270 i Gl #0
o 260 ) '\“;“#-
Y 250 1~ (E Y N SN TN :
S 240 ! :
= 2300 AT
g 220 _ D R T
a. 2101 ‘e - ' e
S 2.0012
o 1.90
1.80)
1.70
1.6()
150 I | I l
1.00 2.00 3.00) 4.00

Time (US)
t;: settling time of Cell #1

ty: settling time of Cell #2
t3: settling time of Cell #3

Fig. 3.28 Output voltages of the cells to determme the settling time

Table 3.6  Test results of the gain error and THD of the prototype chips
with Vg =5V and f; = 500 KHz

Parameters Cell #1 Cell #2 Cell #3
Power supply V4 (V) 5 5 5
Current gain error (dB) -2.7 -).9 1.1
THD (dB) -26 -15.2 -51
Settling time (ns) 6(0) 1250 300

o4
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3.3 Summary

As a memory cell is the most (undamental building block of any S1 circuit or systens,

a design technique of a high-performance differential ST memory cell using a smgle-ended

differential amplifier has been described 1 this chapter. Using this design techmque two

memory cells have been propused, one using i wansconductance amplitier (DMC-D and

the other using folded cascode ampliter (DMC-11). The DMC-1 has a very small current

gain error and a very wide dynamic range. Since iLis a two . ge configuration, ierequies

a compensation circuit due to the stability problem. However, its use in mgh-frequency

applications is still limited. The DMC-11 is a single-stage configuration and, as such, gives

much better stability performance for high-speed applications. Both the cells have been

nHo
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theoretically analyzed, simulated using HSPICE with 1.2 p N-well CMOS process param-
cters. The simulation results indicate several very interesting properties listed below when

compared with the existing SEmemory cells.

1) Very small curient transmission errvor: Since the switch charge injection is
reduced sigmficantly by employing the differential structure at the input, the clock
feedthrough problem (signal-independent switch charge injection) is cancelled. The output
resistance of the cells is very high and the output voltage is very close to V), (a fixed bias
voltage). Consequently, the channel length modulation is very much reduced. Also, the

signal-dependent switch charge injection is reduced.

2) PSRR comparable to that of fully differential memaory cell (FDMC): Noise due to
the power supply imperfection aftects the output voltage. But, the output current 1s
affected simply by the ditferential input voltage AV, and the base current J, since the cell
operates in the current mode. Thus, its output current is immune to distortions in the power

supply voltage.

3Y Snall base current and large dvnamic range: For the same power dissipation, the
dynamic range of the proposed memory cell DMC-1 is about twice of any other switched-

current memory cell.

8 Monotonic settling: Despite an increased accuracy, the cell using the tolded
amplifier structure, the DMC-1I, maintains the same monotonic settiing as that of the sim-

ple cell or the regulated cascode memory cell (RCMC).

S) Simple and easy 1o use: Compared with the fully ditferential ST memory cell, the
proposed cells have much lower complexity. since the these cells do not use the common-

mude teedback (CMF) cireuit, double switches, double wires or double scaling transistors.
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The proposed memory cells have been tubricated and tested m the Taboratony, The
test results have shown that the two cells generally give current gam crrors smaltler than
0.4 dBE. harmonic distortions less than -55 dB. and both can operate saustactonly with
power supply voltages in the 1ange S V to 3.3 V. While both the cells provide a good
dynamic range. DMC-1 is better than DMC-11 o this respect. The DMC-T can operate sat
istactorily with the sampling trequency as high as 100 Kz, whereas, tor DMC-t thas tie

quency can be up to 500 KHz.
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Chapter 4

FULLY-PROGRAMMABLE SI FILTER DESIGN

Analog designs hove become the bottleneck in mixed-mode circuit designs, since the
design o analog circuits cannot be afforded with t'.¢ existing CAD tools which are mostly
developed for digital designs. The major problem is the physical desigr: methodology. In
an «nalog design, components must be modelled in a detailed fashion, since their electrical
behavior afiects the tinal results significantly. In particular, parasitic components intro-
duced in the layout phase must be controlled in order to meet the performance specification
such as bandwidth, gamn, ete. Therefore., an optimal design requires intensive design expe-

ricnce and often has to be hand-crafted by experts [26].

A programmable analog circuit could serve as a possible solution, since tor different
applications, the circuit does not have to be redesigned by an expert in physical design and
layout. ‘The circuit can be made to achieve the desived peitormance simply by program-
ming. However, programmauble analog cireuits are also difficult to design. For example, a
arogrammable SC filter needs a large array of unit capacito s with digita’ly controlled
switchies for coefhicient vanations. These switches introduce :xtra parasitic resistances and
capacitanc-s, and theretore. affect the coetticient values. Use of a 81 circuit is casier than
that of a SC circunt tor programmable hlter design. Programming of coefficient values in a

ST tilter 1s done w.th a tansistor array connected in parallel through a set of digitally con-
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trolled switches. The MOS switches do not affect the value of the coeflicients. since the
coefficient values depend on the aspect ratio of the current mirror transistors. However, the
existing SI filter design techniques mostly employ SC tlter syntaesis methods, In thas
case, a ST filter employs Sl integrators and/or ditferentiators. Although the resulting S1 fil-
ter can enjoy some of the featu ~s of the SC circuits, the structute of the S filters e not
regular. To achieve a fully-programmable filter design, not only the coefticient values need
to be programmable, but also the structure of the tilter is requited to be programmable.
Theretore. these methods are not very suitable for programmable filter design. Recently, a
methodology to realize programmable ST wave analog tilters has been re rted 129]. How-
ever, this technique requires SI building blocks for implementing series and parallel adapt-

ers. This adds to the overzll complexity of the implemented Sl filter.

In this chapter, SI filters are designed based on digital synthesis technigue, t.e. the
synthesis technique relies on neither the SC nor wave realization techmque. Thus, the
resulting SI filter is simpler than that of | 29], and is fully programmable. The hlter consists
of only unit delays, coefficient mu'tipliers. and adders. The structure of the filter is very
regular and it does not require modifications in its structure to change the filter characteris-
tics. As an example, a second-order HR filter is designed using this technique ‘To reduce
the etfect of switch charge injection and channel length modulation, the high-performance
ditterential switched-current memory cell, DMC-F designed in Chapter 3 is used as a basic
building block. An experimental prototype second-order switched-current HR - filter array
which consists of six second-order 1R filters has been fabricated using the standard 1.2
N-well CMOS process technology. Hard wiring tecnntque is used for programmng of the

filters. The fabricated chip is tested in the laboratory to verify its performance.

In Section 4.1, a brief review of reelizing some simple digital filter structures s
grven. Section 4.2 introduces a SI filter design technique based on the digital filter struc-

ture discussed in Section 4.1. The effects of non-ideal MOS characteristics on the wlter
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coetficients are discussed. The SI filters are then implemented using the memory cells of
Chapter 3. The layout design consideration are also given in this section. Finally, the test

results of the fabricated filters are presented in Section 4.3.

4.1 A Brief Review of Digital Filter Synthesis

A digital filter uses a sampled data process technique for signal processing. Com-
pared with the SC or ST filters. the signal in digital filters must be discrete not only in time,
but in amplitude as well. This means the amplitude of the sampled signal has to be quan-
tized to a given accuracy and represented by a corresponding number of binary digital

number or bits.

Early digital filters were exclusively implemented in software torm: that is, they
consisted ot algorthms or difference equations with operations involving summation,
multiplication. and storage on the associated digital computer |30)]. With the developmieat
of VLSI technology, it is now teasible to implement a digital filter in hardware form as a
special-purpose device. This device still performs the basic operations of addition, multi-
plication, and storage of iterating the difference equations as in the software implementa-
tion. Synthesis of digital fitters essentially deals with obtaining digital filter structures tfrom
the digital transfer tunctions, Numerous synthesis techniques have been developed leading

to general or specialized structures |31]. A linear time-invariant infinite impulse response

(IR digital filters s characterized by a z-domain digital transfer function given by
M '
-
N m%()bm‘.
H(z) = B = ] (EQ4.hH
[+ Y a;"
n- |

When this transfer function is realized directly, it gives a structure shown in Fig. 4.°,
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Fig. 4.1 Direct-form siructure

The transfer function given in (EQ 4.1) can be expanded using a partial-fraction

expansion as

/ B, + B2
0 e .
H(z) =B+ Y ’ — : - (£ 4.2)
i=1 |+C€“‘ +(X.ZII'
with
L= [MJ (150Q 4.3)
2 mt

where [. [, denotes the largest integer !2ss than or equal to the argument. I N s odd, there
is a first-order term n (EQ 4.2). Realization of this form ot the transter funcuon yields a

structure showa in Fig. 4.2 which is called the parallel structure.

12
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\’(Il) _\‘(ll)

Fig. 4.2 Parallel structure

By factoring the denomimator polynomial D(z) of (EQ 4.1) into second-order poly-

nomials, the system function can be written as the product

L
Hey =by 14,2, (EQ4.4)
|
where
L+B, ! +B”:~2
1"(:) = C (EQ4.5)

“

) = -
| + (L L T

in which Las again given by (EQ 4.3), and oy = B3 = 0it N is odd. Since H(z) is formed
as the product of the second-order functions H,(z), the corresponding filter structure com-

prises a cascade of second-order sections. Fig. 4.1 shows such a structure.
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Fig. 4.3 Cascade structure

One of the concerns in the design of digital R filters is thew stabilty. To obtam the
conditions for the coefticients of the parallel or cascade forms that ensure the stability ot

the filter the second-order denominator factors ot these forms e wintten as

D,(z) = l+a,z7 +o, 27
= (l-p h-p,2hH X
L 2 (10 4.0)
where o, = = (p, +p,,) and o, = py,p,y,. The poles of the filter must he mside the

unit circle of the z-plane for stability. i.e.,

Py s lpa| < (EQ4.7)
Hence., we have

o, =[PPl <1 () 4.8)
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The corresponding condition on ¢4y, can be obtained from the expression

Pyoly = — —HF———— (EQ4.9)
and 1s given by

jo, b, (EQ4.10)

Sensitivity is another concern in the implementation of a digital filter. It is a measure
of the deviation in some performance characteristic ot the filter due to some change in
nominal value of one or more of the elements of the network. Low-sensitivity circuits are

naturally preferred over high-sensitivity circuits. In a filter characterized by
H(z) = f(zompm,, ..}, (EQ4.11)

where my, my, .. . are the multiplier coetficients, the sensitivities are given by

"o m, ol

= — = 1,2, ... .
M dm, r=1 (EQ4.12)

For analysis or a second-order IR filter, (EQ 4.5) can be rewritten as

N(:) I+I)lz_I +I)2z_2

H(:) = (EQ4.13)

D(z) I +ul;,"+(12:."2

Examining just the poles ot the filter and assuming that a complex pair of poles is required

L he

atz, = re L the ranster function of denominator polynomial of (EQ 4.13) can be writ-

ten i the form

) (2-— I‘(‘wj“)

Hy) = 5 (EQ4.14)

i
(z—1re
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or as

I

- 3y .
| = 2rcosO:7 " 402277

H,(z) = (EQ 419

Comparing (EQ 4.13) with (EQ 4.15), we have

2rcosB (EQ L1

1]

(ll

and

t9

Uy = r (FQ LI

The sensitivity of r, 8 and Hp with respect to the coetticients ay and a) can be obtiuned as

s, = 3'{7 = | (HOQ 4 18)
!
ar |
P = 2 (). 1Y
S, 9, 2 (O 119)
o 08 | . ,
Sa, = da, Btund (20
A (O 421
a; ” da, T 20tan® e
0 212 |
55 -t 2 5t 3 (150 4.22)
v da, | =r (tanB)~
2
st = oH _ o~ | , (0 4.23)
K ()a: | -2 (tan®) -

As the order of the polynomial increases, the coethcient sensitivity will increase
Theretore, for reducing the sensitivity of a lmgher-order filter design, the sttucture of the

filter should use a cascade, parallel, or lattice form, ctc.

As we can see, the value of the coefficients in the 2 transter functuon determine the

pole and zero locations, and theiefore, determine the characteristic of the filter. ‘There e
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several avinlable technigues that can be used to obtain the coefficient values from a given

filter spectfication [30].

4.2 Sl Filter Design

As seen above, a digital filter synthesis technique uses unit delays whi h are usually
implemented by digital master-slave registers, digital multipliers which multiply the sig-
mals with the associated coetticients stored in digital memory (RAM or ROM), and digital
adders. Whence the circuit of “he digital filter is implemented, we can obtain different fiiter
charactenistics simply by changing the coefticient values stored in the memory without
requiring any change in the cirewt. This feature of digital filters is reterred to as program-
mability. ‘The digital tilter synthesis techniques of transtorming a tilters structure into a

digital cireunt can also be used in the design of SI filters.

4.2.1 Design Using Digital Filter Structure

The uilding blocks of any digital filter structure are simply multipliers, unit delays
and adders. Two ST memory cells can be used to implement an analog unit delay. Each
muluplier coetficient ot the tilter can be realized by including an additional coetficient
transistor in the cell. The coeflicient transistors are connected in a current mirror configu-
ration with the memory transistors. The output of the coefficient transistors can be con-

nected direcetly for current summation.

Fig. 4.4 shows an example circuit of a SI delay with two multiplier coefticients. We
tefer to ths cireust as a ST delay-muluplier unit. The circuit uses two simple SI memory
cells and two coetticient transistors, The two memory cells are cascaded as an analog mas-
ter-slave register which performs the unit delay tunction. The size ratio of transistors T|
and "Taas cpoand that of Ty and Ty 18 ¢a. The operation of the circuit is as follow: On phase

¢ ot the clock pernod (n- 1. rransistor Ty samples the signal current 7,(n - 1). On the next
17
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phase ¢ which falls in the next clock period (n), Ty holds the current ) + Lo Dyand loads
the signal current /(n - 1) mto the second memory cell Ty, since Ty 1s now 1 the sample
mode. Meanwhile. because ot the murror circuts, we have 7.y = -cn - D, and 1 =
cai(n - 1). On the next phase ¢> (still in clock pertod (), Ty s the hold mode and nt
holds the cu.rent J ~ £(n - 1) and the output current £yn) = 1, - D). The relationshup

between the input and output current signals can be expressed as

I,(n) =1in~-1) (1Q 4.2
Loy ==\l (n=1) (2 1.25)
[a(n) = ¢yl (n~1) (1) 1.20)

| ] |
JCJD H.ld) (I)]/-_I“I j(l{) (-3.I(D (]ﬁ),(

) e N
—» T * .
I’ ? q)l l—. o . (1)3’ Il‘
¢2‘{L—:?|—‘||—; ) ‘; 'l Ty { Iy
l ('I - 7 I ( ‘Z

Fig. 4.4 A Sl delay unit with two cocthicient transistors

(a S1 delay-muluplier unit)

The cucuit of Fig. 4.4 realizes the unit delay operation and generates the delayed and mul-
tiplied negative and positive current signals -1 and 5. The values of the scaling factons
of ¢ and ¢ mplement analog muluplier coefticiems of the filter. Each ot the ST delay

8
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multiphier unit can be connected to other such units directly in order to perform the current

addition operaton,

Ihl
Ty
//2] q)l
am
II)Z

J—

I(l?. r

\/ V

T] TI °

=1/
S\

T,y represents a transistor with the size ratio equal to m

Fir 4.5 A second-order SI IR tilter.

A complete second-order SIIR filter s shown in Fig, 4.5. For this second-order fil-

ter, two 81 delay-multiplier units and one coeftticient amplitier (referred to as the ST multi-
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plier unit) are used. The output currents of these units can be expressed as

[, = -l (n-1) (FQ 427
[,(n) = —(121I (n—-12) (1 .20
I,(m)y = b(,ll {(n) (EQ -1.20)
[, (n) = I),ll (n-1) (1 =13
I,(n) = bzll (n=-2) Q-

where [{(n) is given by

Lyoy =1 an o f o+ on (EQ 1.3
The output current of the filter is obtained as

I on = Tpgon + 1 cm + 1 yon (LQ -1 31

From (EQ 4.27) through (EQ 4.33), we can obtain the z-doman transtes tunction of the hl

ter, as

1 )
I, by+bz" + l)lr

H(:’) = _[.. = 5 =3 (l',(‘) J4.340)
i L +d;2 +a,s

Thus, by employing the circuit of Fig. 4.4 we can obtam a SI hiter conresponding to the
digital filter structure of Fig. 4.1 (or corresponding to any other degital tilter structuee),
Obviously, the coefticients of equation (EQ 4.34) are directly matched, one to one, to the

scaling coetticients of the transistors of the SI filter. By simply changing the aspect ratios
a0
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of the cocthicient ransistors, the desired charactenistics of the hlter can be achieved. There-
fore, this technigue 1s very suitable tor programmable S filter design. By applying the re-
timing technique, the filter in Fig. 4.5 can be redrawn in the form shown in Fig. 4.6. which

has four fewer switches.

JTI Tpo
[

N

i

‘—”—' T (P byl .
v

nl iL’I"l
\ \V/

Ty, represents a transistor with the size ratio equal to m
Fig. 4.6 A second-order STHR tilter after te-uming
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4.2.2 Analysis of the Sl Tilters with Non-ldeal MOS Devices

As discussed m Section .21, the butlding blocks ot the proposed SUHR tilter we
the S1 delay-multiplier unit and the ST multiphier umt. The debay -muoltphier umt consists of
two ST memory cells and two current mictor circunt which e used tor gencrating a mult
plier coetticient. In a practical tilter design, the ettects of the nonadeal chatactenstres ot
MOS transistors, such as swateh charge injection. channel tength modutation, and ms
match between current nurror transistors, have to be considered. In this sub sectuon, we
will discuss the effects of non-id a' MOS charactenstics on the pertornuee ot the Sq

delay-multiplier unit that uses the simple SI mewory cell

e Unit-Delay Gain Eror Due to the Finre Impedance and the Swirch Charge Ingection o

the Memory Cell

The finite impedance and switch charge mjectuon altect the flier pettormance
through an error in the curient gain of the unit-delay part of the SEdelay -mutuphier unn
Considerig only the hinite impedance. we have, from (EQ. 2190, the gam ot the unit delay

ds
l, e, &,
A== Ll— o ) (101 $5)

where g, is the transconductance of the memory vansistor 'Fpor Ty g, 1s the ouput
transconductance of memory cell T o Tooand gs the closure resistance ot the switch
(see Fig. 4.4, In practice. the cutrent signal in the filter s small ¢+ 100 gAY and the etedt
ot the non-zero closure resistance ot the switch can be ignare o Lharetore, the gam ol the

unit delay <can be simplitied to be

L 2g,
A= L= (;_ﬁ._) (1) 1 30
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The output cuntents / and /> trom the coetherent transistors, the retore beconme

)(I
/ :‘,(I— )/ TR (FQ 137

Thus. because of the imte impedance. the umit delay has a gan crio

When considering the switch charge mjection ettect, trom (1Q 2 28) the output cus

rent of the unitdelay s given by

o= 04— [Ty (AR
" Vs VN 20‘ A

25VJ J:i::', B
and the output currents trom the cocthicient tansistors are given as

20V [j+r B
— i [6\’*J (10 -4 39)

1:((/+4 Ry -
i I3 . o
‘ Vis—VaJ 2
Thus. the switch charge ijection creates an oftset error, gam ertor, and harmonie diston

trons.

o Coeffictent Error Due to Current Mirror Mismarch

Since the multiplier outputs are generated by using curient mirror crcut, the mis
match between the current mirror transistors will cause errors m the coetficient transistor
output currents. As mentioned in the Section 2.5.4, the mismatch could happen i terms ol
the threshold voltage V. the device aspect ratio W/L, the process gam tactor £y, and the
channel 2ngth modulation parameter A. Most of these process mismatches result i cur
rent gain errors 1n the current mirror circuit, but the threshold voltage mismatch also

causes the harmonic distortions in the output current.

K3
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o Senlimg Time Erven

I-or high-trequency filtering apphcations, the settling time error hive to be taken mto
account The eftect of the setthng ume ertor s very similar to that ot swich charge mjec-
ton [tereates an oftseteror, a gam error and harmonie distortions. The maximum operat-

mg trequency of the ilter s limited by the settling time of the memory cell

4.2.3 Design of SI Delay-Multiplier Unit Using DMC-1

As discussed m Section 4.2 2, the non-ideal characterstics of MOS devices can sig-
nificantly attect the performance of the hlters. In order to reduce the umt-delay gain error.
high pertormance SImemory cells are requued. Any existing enhanced SI memory cells
can be used 1o replace the simple memory cell. A tully differential SI memory cell may
have a eoud performance. since the cell can achieve cancellation of first-order switch
charge myection and cross-talk trom neighbormg digital circuits. However, the overall Sl
dolay-multphier umt cincut will become very comphicated and the size of the chip will
almost double, smee the coetficient transistors, switches and internal connect wiring will
all be doubled. In this prototype programmable filter design. the simple memory cells are
theretore, replaced by the ditterential SI memory cell DMC-1 described in Chapter 3. The
DMC-1 with coethicient transistors 1s shown in Fig. 4.7, which implements one-half of the
SI delay-multiplier unit. In this implementation, the error voltage due to the clock
feedthrough problem becomes a4 common-mode signal appearing at the input of the mem-
ory cell and 1t is rejected by the amplifier. Theretore. the etfect of signal-independent
switch charge injection 1s eliminated. The output stage of the memory cell employs PMOS
and NMOS regulated cascode crreuits. The output resistance of the memory cell is. there-
fore, increased significantly and the eftect of channel fength modulation is much reduced.
The voltage gain ot the memory cell is also very large due to a very large output resistance.
Thereture. the voltage at node B (Fig. 4.7) becomes very close to the base voltage V), when
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crrewmt opetates m the sample mode. Ina SEhlter cncats the output of the memory cell and
coethicient ransistors wie connected to the nextinput of the memory cell Using DMC
keeps the output voltage constant and approxmmuately equal to the base voltage Theretere,
the use of DMC-Fin the implementation of the S delay-muluplicr unit can be expected o

reduce the unit-delay gan error,

: | )
: I } . ]Wil'r- o o
Lo T : Co e >
T, *‘—;—J ol ‘ll ,‘J__“W Inl__ll_l‘__]l
RO o ) "
I, B ; i [ o |
— T'_“"“T T ® > »
A0 Q) ! O y I I
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( ) > - qrq ‘ l
| (P (y)
— O — |

Fig. 4.7 One-half of the ST delay-multiplier unit using DMC-1

4.2.4 Simulation Results

A second-order elliptic lowpass ST IR filter with the specification of passband ripple
< | dB. stop-band ripple < -20 dB and a bandwidth ot 0.2 percent of the sampling tie

gu 1wy 1s designed using the proposed design technique and employing DMC-I as the

X5
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g package  Table 41 hists the coethicient values of the hilter,

Table 4.1

The coefficient values of a second-order elliptic lowpass HR filter

STHITER DEFSIGN

Y Wy b(, hl h:
S17 (.362 £).264 Y318 1.263
45000 | i I ]
40000 -
150.00 I, = 100 pA -
- 3000 () —1
T 25000 ———  From transfer tunction -—ﬁf
200000 - -_J
- tsoonl {1 e From Simulatton —
iooo! - ;
30 00 —
000 . S -
Ssooo - j
100 0
ASO 00—l . |
000 20.00 40,00

Time (US)

Fig. 4.8 The impulse response of the STIR filter.

In order to estimate the designed filter's characteristics. HSPICE simulation 1s used
with the parameter set of the 1.2 g N-well CMOS process technology. Since the S filter
operates with discrete signals, the ac analysis of HSPICE cannot be used to evaluate the
requency charactensties of the filter directly. For evaluating these charactenistics., the
impulse response of the tilter 1s simulated using the transient analysis of HSPICE. The
HSPICE transient analysis can simulate the effects of the switch charge injection. channel
fength modulation. settling tme error, and the MOS transistors ratio mismatch error in the
tme domain, Fiom Fig, 4.8, we see that the simulation results are very close to those
obtained trom the tilter transfer function. For evaluating the frequency response of the fil-
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ter. the FFT analysis method s emploved  The FET analvsis can tanstorm the e

doman mformation into the trequency domam giving the tdier's charactenstios such as

the ripple and bandwidth. Frg. 4 8 shows the impulse response of the tilter obtuned trom

the HSPICE simulation. and Fig. 4 9 gives the results of the FFT analvsais givimg the mag

nitude and phase responses
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Fig. 4.9 FFT analysis of the tilter frequency charactenisuces

From Fig. 4.9, we see that the filter has a 3-dB cut-oft trequency ot about 400 Kz

with the sampling frequency of 2 MHz, a passband ripple ot about | dB, and a minimum

stopband attenuation ot -20 dB. They are very close to the given specifications,
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4.3 Chip Design and Implementation of the Proposed SI Filter

A complete hilter requuires some other sub-cricurts that work as intertaces between
the imput signal or control stgnal and internal filter crreunts. In this section. we will first dis-
cuss these sub-crreunts, Nextom order to verity the proposed ST tilter design concepts. we
proceed to destgn an expermmental prototype chip ot the tilter and the associated sub-cir-
cutts  In thes connection. we also discuss the design consideration of the chip layout.

Finally. the test results of the prototype chip are presented.

4.3.1 Sub-Circuits Used for Programmable Sl Filter Design

A complete ST ilter may require some other sub-circuits such as a voltage-current
converter which 1s used as a mtertace for converting the voltage-mode signals to current-
mode stgnals, an overlapped clock generator tor removing the glitches. ete. In this section,

we will present these circurts to be used in the prototype chip design.

o Voltage-Current Converter

The DMC-L used in the cncuit of Fig. 4.7, can also be used as a high-quality volt-
age-current converter (by changing the switch connection C from node B to node A as
shown by the dashed line in Fig. 4.7) because of the cell has lgh-output resistance and
difterential input pairs [43]. Fig. 4,10 shows the application of the memory cell in

switched voltage-current converter mode. On phase ¢, the input current /, 18 given by
iH ! b
(= Tt (EQ 4.40)

On phase ¢». the memory cell holds the input. and the output current /,, becomes -/,. This

vohage-current convener is used in prototype Sl filter.

i
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Fig. 4 10 Voltage-current converter using proposed STmemony cell

o Overlapped Clock Generato

To reduce the ghtches in the ST memory cell an overlapped clock generator s
requued to control the pertormance of the ST fikters: Frgo L gives an overlapped clock
generator circnt which uses the delay gate to achieve the overlup. Agam, this crcut s

used in the prototype filter chip design.

e~ - - - l} ‘))

|
clock_mn e &
|
!

Dcluylnuw } - -

clock 2

)

Fig. 4.11 Circurt for overlapped clock generator
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4.3.2 Chip Layout Design

In a programmable flter design, the tauo of the coetticient tansistors must be pro-
vrammable Thisas scahized by using a transistor anray in the chip fayout design. Use ot a
tansistor atiay for the coetherent and memaory tansistors implementation can also reduce
the transistor mismatch problem. Normally, the transistor array consists ot umt or mini-
mum size tansistors. However for a programmable SEtilter design and implementation,
this would make the area of the tansistor array too large. For example. it the required
accuracy of the coetticients are within three decimal places. the transistor armay should
contam one housand umt tansistors to mplement one coethicient transistor, and another
one thousand vt tansistors to mplement one memory transistor. Frve similar size tran-
ststor arrays are reguired tor implementing a second-order UR tilter. since the tilter has five

mulupher coethicients,

In order to reduce the chip area in the prototype implementation, @ transistor array
using three ditferent sizes of transistors are used. Fig. 4,12 shows the layout of the transis-
torantay. The thiee ditferent sizes of the transistors in the array 1epresent the ones. tens and
hundieds ot dectmal places. The memory transistors and the most significant bit transistors
are implemented using the wargest size transistors trom the array. Theretore, they create
smaller nusmatches. On the other hand. the least significant bits ot the multipher coefti-
crents e mplemented using the Targest size memory transistors and the smallest size
coctticient transistors. Thus, the nusmatch error in this case would be large. However.
smee an errorn the implementation of the least significant bits 1s not critical, the overall
accuracy s not sigmbicantly aftected. Further, since the total number ot transistors in the
artiy s significanty reduced. the overall chip area 1s much reduced. By programming the
connection of the coeticient tansistors array, we can obtain the required coefticient val-
ues. For example, it we want a coefhicient value of 0,987, we connect ten largest-size tran-
sistors tor the implementation of a memory transistor. and nine largest-size transistors.

9
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crght mud-size transistors and seven smallest-size transistors tor the eenctation o one

coetiicient.

In this prototy pe programmable SEhlter design, Cell #1 designed i Chapter 3,8
used tor the mmplementation of both the memaory cell as well as the voltage cutrent con
verter. The fogic gates trom standard digital cells Tribrary are used tor implementation of

the overlapped clock generator,
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Fig. 4.12 Layout of the coetheients transistor and memory transistor array
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Lo venty the programmability of the ciieunt desirgn. an array ot six second-order HR

Blters s designed using the standard 1.2 g0 N-well OMOS process technology. The chip

Favout as shownon g, 4 130 where the six second-order hilters are matked as FIL F2 F3.

| P4 ES and 16 Fago 4 14 shows the photograph ot one of the siv programmable second-
{ order ST tiler cell Hhd wirig technology 1S used tor programming the tilters. For this
| Layout, all the six filters are designed to be elhipue. Filter FL s programmed as a tirst-order
lowpass tilter, ters 12 and B3 as second-order lowpass filters, filter F4 as a first-order

highpass filter, and filters EFS and F6 as second-order highpass tlters. The coetherent val-

ues vsed i programming the six filters are griven in Table 4.2 The coethcients ot the hl-

Tuble 4.2 The coefficient values of the filters

e a) as Dy by b

I-1 21,333 (.000 ().333 (0.333 (.000
12 0.517 0 362 (.204 0.318 0.263
143 (1339 () 787 0.572 0.310 (.572
1'd -0.077 (.000 0.756 -0.756 0.000
15 -0.401 ().318 0.500 -(L.8YR (.500
16 -1.872 0).783 (.500 -0.773 0.500

ters BLOE2 and B3 given an thas table are obtamed tiom the hitth-order elliptical Towpass
tilter specttications given in Table 4.3 using MATLAB. Similarly. the coethceients of the
niters 4 ES and F6 are obtamed from the hth-order elliptic highpass hlter specification

aiven m Table 4.3,

Table 4.3 Specifications of fifth-order low- or high-pass filters
Filter N R R, (OM
Lowpiss 5 0.03 4K 3.3/16

High-pass S 0.03 48 6/16
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4.3.3 Prototype Chip Test Results

Fhe chip contwming the siv designed SIniters we tested i the Taboratony e 11y o

Frg. 4.20 show the magnitude tesponses of the filteis T o Foo The testung conditions aie
Vg =5 Voand the samphng trequenes 70 = 230 KHz The testresults e ginven i Table
4.4 The THDs tn Table 4 4 are caleutated trom second and thad hanmonie distortions
From the test results, we see that the proposed techmgue s guite successtul e achieving

the programmabihity ot the tilters and the chatactenstios of designed tilters e dlose o

those obtamed duectly from the cocthaients givenin Tuble 42

Table 4.4 Test results of filters F1to Fowith Y gy =5V and /, = 250 Kllz

Patameters Value
-3 dB cutott tregueney (FH 45 KHy
B THD (F D -40 2 dR
-3 dB cutott trequeney (F2) 637 KH/
THD (2 402 dB
-3 dB cutott trequencey (F3) 535 KHz
THD (F3) 403 dB
-3 dB cutot! trequency () 337 KHy
THD (F$ 40248
-3 dB cutotf trequency (15) 30 7 KHy
THD (F5) -0 4 dB
-3.dB cutott trequency (16) 46 3KH,
THD (F6) -41 6dB
Chip power dissipation 257 S mW
Size ot tlter cell |39 mm*
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Fig. 4.15 Magnitude trequency response of filter Fl (Vga =5 Vand f, = 250 KHz)
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Fig. 4.17 Magnitude frequency response of filter F3 (Vg =5 V and f, = 250 KHz)
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Fig. 4.19 Magnitude frequency response of filter F5 (V3 =5V and f, = 250 KHz)
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Fig. 4.20 Magnitude frequency response of filter F6 (V34 =5V and f, = 250 KHz)
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By cascading the filters from the array. higher-order tilters are obtamed. Frg. 4 21 10
Fig. 4.23 show the magnitude trequency response of the higher-order tuters and Table -5
lists the test results. The performance of each these filters satisfy the grven specifications,
except that the attenuation of about -25 dB of the cascaded tilter ditfers from the -48 dB
value in the given specification. However. this discrepancy could be due to the parasitic
capacitors and resistors of the external connections introduced because of the test cirents.

Table 4.5 Test results of higher-order filters with V33 =5V and f, = 250 KHz

Parameters Value

-3 dB cutoft frequency (Sth-order high pass) 43.5 Ktz

THD (5th-order high pass) -45.2.dB

-3 dB cutoft frequency (Sth-order low pass) 517 Kz

THD (Sth-order low pass) -39.9 dB

-3 dB cutoft frequency (10th-order band pass) 43.2 KHz, 56.2 KHz.

THD (10th-order band pass) -55.7 dB
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Fig. 4.21 Magnitude frequency response of the Sth-order lowpass filter obtained
from the cascade of FI, F2 and F3 (Vg =5V and [, = 250 Kliz)
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Fig. 4.22° Magnitude frequency response of the Sth-order highpass filter obtained
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-4.23 Magmitude frequency response of the 10th-order bandpass filter obtained
from the cascade of F1 to F6 (Vygg =35V and f, = 250 KHz)
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To investigate the low-power supply voltage pertormance. the filters were tested with
supply voltage of Vgy = 3.3 V. Fig. .24 and Fig. 4.25 give the magmitude trequency
response of the filters F3 and F6. and Table 4.6 hists the test results, Compating the test
results listed in Table 4.5 and Table 4.6, it is seen that the THD and the passband ripple oi
the filters are increased when power supply voltage is reduced. However, the stopbaad
attenuation and bandwidth are maintamed remain roughly the same. The power dissipation
is much reduced.

Table 4.6  Test results of the filters with V 34 = 3.3 V and f, =250 Kiz

Parameters Vilue

-3 dB cutoft frequency (F3) 52 Klilz
THD (F3) -38.2dB

-3 dB cutoft frequency (F6) 460.2 K2
THD (F6) -31.0dB

Power Dissipation 315 mA
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Fig. .25 Magnitude frequency response of filter F6 (Vyg =33 Vand fo = 250 KHz)

To test the high-frequency performance, the sampling frequency was increased from
25() Kiiz to 500 KHz, and the filters were tested again. Fig. 4.26 and Fig. 4.27 show the
magnitude frequency responses of filters F3 und F6. Table 4.7 lists the test results. It seen
that when the samphing frequency increased. the THDs become larger and the performance

pets worse because of the werease in settling time error.

Table 4.7  Test results of the filters with Vgq = 5V and f, =500 KHz

Parameters Values
-3 dB cutott frequency (F3) 80 KHz

THD (F3) -34.5dB
-3 dB cutott trequency (F6) 75 KHz

THD (F6) -29.4 dB
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4.4 Summary

A programmable ST hiter design techmque has been described. The design technigue
ehes on digital filter synthests techmques for obtaming the hlter sttucture as well as the Sl
cncuits. The coethaients of the transter function are matched to the coetticient transistors
of the filter diectly. By just changing the size ratios of the coetficient nansistors, difterent
frequency charactenisties of the tilters can be obtaned, thus making the filters easily pro-
grammable. For the implementation of the multiplier ceethicients. an array consisting of
tansistors with three different sizes 1s designed instead of using a unit transistor array. Use
of dilferent size transistors i the transistor array reduces the area of the chip ethciently,

while mamtaming the accuracy of the most signihicant bats.

A prototype chip with six second-ordei programmable tilters has been designed and
tabricated using the 1.2 N-well CMOS process technology. The test results prove the
cltectiveness and feasibility of the methodology in designing SI programmable filters. The
performance of the filters also benetits trom the use of the high-performance ditterential SI

memory cell (DMC-1) designed in Chapter 3.
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Chapter 5

SI RATIO-INDEPENDENT ALGORITHMIC
D/A AND A/D CONVERTERS

In signal processing systems. digital-to-analog (D/A) and o analog-to digital (A/I)
converters are often key building blocks. For development ot a hagh pertormance D/A o1
A/D converter. some special process technologies are necessary. In werghted network D/A
and A/D converters, because of the requirement of matchimg of the components o anaceu
racy comparable to the lincarity of the conversion, trimmming technmiques usig aser 324,
zener zapping [33]. dynamic element matching [34]. o digital method of selt calibration
[35]. 136} are used to obtain the matched components. Atthough these trimmimg techmques
yield components matched to an extremely high precision, they have the disadvantages ot
requiring an excessively large area for the placement of the components 1o be thmmed,
large capacitors tor the dynamic element matchmg, or extia calibration cycles and a tanly

large arca for a sub-D/A converter ustng RAM or ROM tor selt-cahbration

To overcome the timming problem. some D/A and A/I) converters design tech
myues (ratio independent algorithmic DA and A/D converters, 2-A modulator) which usu
ally employ SC circuits have been developed [36], 137]. [ 38]. [39] In these techniques the
double poly process 1s required for realizing hnear capacitors. As mentoned previously,

the SC circuits are not compatible with the standard digital VLST process technology and
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then performance 1s attected by the low supply voltages. Theretore, these D/A and A/D

converter deswgn techmques are not very suitable tor mixed-mode VLSHmplementation.

In| 14, a cuttent mode 2-A modulator has been inttoduced. Since Z-A modulation 1s
based on oversampling of the analog signal. the requirement of accuracy in the analog cir-
cutt s much reduced. However, o achieve a mgh-accuracy high-resolution data conver-
sion, the oversamphing ratio has o be increased or higher order Z-A modulator has to be
used. Anncrease i the oversampling ratio means an inerease 1 the sampling frequency.
‘This hints the trequency bandwidth of the analog circuit. When the order of the X-A mod-
ulator s inereased o more than two. the stability determination becomes a complicated
problem due to the complexaty of the circuit [41]. In [ 16]. a new Sl approach for A/D con-
verter design has been presented. fts capable ot achieving high accuracy data conversion
without requiring any spectal process technology, However, the accuracy of the converter

1s limiated by the switeh charge injection.

In this chapter, a new SI ratio-independent algorithmic D/A converter design tech-
mque 1151 1s presented This technique has an advantage over the SC ratio-independent
algotithmic D/A converter design techmque [37] in achieving a high speed conversion and
not tequiring linear capacitors. A new S ratio-independent algorithmic A/D converter cir-
cutt is also presented in this chapter. The theoretical analysis results of the conversion
errors of the proposed D/A and A/D converters are carried out. The proposed design tech-
niques have the advantage of reducing the ettect of switch charge injection in comparison

with the techmque mtoduced in [16].

Usig the proposed D/A converter design techmique, a practical converter 1s
designed and simulated. The converter 1s implemented using 1.2 p N-well CMOS process

technology. The testresults of the prototype chip are also included in this chapter.
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5.1 D/A Converter Design Technique

In this Section, we present 4 new ST ratto-independent algorithone DA convertern
design techmque. First. the principle ot an algotthmic muluphicaon DY comverter s pre
sented. Then. this principle 18 used m developmg a SIratno-mdependent algotithmie D7
converter design techmgue. Finally, o theoretical analysis tor the conversion oot ot pro

posed D/A converteris carried out,

S.L.1 Principle of Algorithmic Multiplication D/A Conversion

The algorithmic converter, also known as the cyche converter, s supenior i terms o
circunt simpherty and requinag tewer highly accurate components as compaied with other
types of D/A converters. A block diagram of the algonthnue muluphcaton D/A converter
18 shown in Fig. 5.1 The converter consist of a multiply-by-two amphiber (230, 0 sample
and hold (S/H) circuit, a reference sum circunt, and two switches (S and 85 The switch

Sy is controlled by the input digital data.

The conversion operation starts in the tisst cycle with Sy open 1 the tust dagatal bitas

178y s connected o the reference voltage Vi The S/H ciicunt sumples and holds 'V,

-
Vrcl_ Sy V

r -
= S, N
l——~//2x
Vi

0

Fig. 5.1 The block diagram of the algorithmic muluphicaton /A converten
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which is then multiphied by two by the 2x amphitier. Thus. V, equals to V,, and V| equals
to 2V, 1 the fnstbites *0°. S s connected to the ground, and V,, becomes zero. From the
secand cycle to the nth cycle. Sy is always closed. and Sy 1s connected to V., or ground
dependimg on the state ot the conresponding nput bat. The signal trom Sy and Vy are added
by the summer and sampled and held by the S/H ciicwit. The 2x amplitier doubles the sig-
nal at the end of cach cycle. In other words, in the cyclic mattuplication D/A conversion,
duting cach cycle the previous conversion voltage doubles and 1, added to the reference
voltage or the ground voltage. The algorithm ot the cyclhie multiplication D/A convereer.,

theretores gaiven by

Vol = /)'\“', (LQ5.1)
V. =2V a-1y +b )V p =2 - (EQS5.2)

1ef

where b, =07 or *17 s the ith bit of the n-bit digital data. This operation is repeated from
the MSB to the LSB. Atter n cycles are completed. (EQ 5.1) and (EQ 5.2) yield the con-

/
verted voltage as

n
Vo = v, 3 24, (EQ5.3)
Aol

This equation shows that an n-bit digital data is converted into an analog voltage V, n the

7

range from Qo (2" - DV,

From the previous discussion, it 1s apparent that the accuracy of the cyclic multipli-
cation D/A converter 1s determined mainly by the accuracy of the gain of the multiply-by-
two amphhier. A gam of two for the 2x amplitier is necessary and it can be realized by

using a atio-tndependent multiplication structure.
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5.1.2 SI Ratio-Independent ‘dgorithinic D/ \ Converter Design Technigue

In Secuon 5 1 1o the prciple ot the operation of an aigonthonne muluphaanon D/
converter has been descibed i the yoltage mode For the SEarcurt design ot an algonth
mic D/A comverter. we shall tist change the reterence voluge V,, woaieteence cunient
1,4 then use the S memary cell to replace the voltage sample and hold Caemt (S/ED B
implementing the tunction ot the ratto-mdependent multupheatton tunctton, we need two
more SEmemory celdls, big 5 2 shows the resulting cacut ot the proposed D7\ convere
The converter consists ot three simple SEmemon cells fp Tyand Tooand sevenal

switches. Frg 5.3 gives the switch-controlling wasetorms

*  Rano-Independent Muluplicaron Operation

The cnemt given m Frg 5.2 can perdorm the tunction ot tatto mde pendent matuph
cation. The opetation as started atclock eycle T The the swatches Spand S are closed du
ing this clock cycle. the reterence current 7, 18 sampled and held by Ty and the carent
stored i Ty becomes 7y =) + 1, Nextoswitches Syand Sy are closed durmg the clock
cyele 2 The memory transistor Ty outputs the cunent 7, to by which in tumy samples and
holds this current. giving 1> = J - [, Dunmng the clock cyele 30 swuches Sqand Sy, ae
closed and the output of Ty as switched o Ty giving 1o = 71, Duning the clock cycle |
switches Sa Syand Sq are closed. Both T and Ty feed the cutient /,  hack 1o 1y and 1
samples and holds the sum ot the current from T and T3 Assuming that the switches
and Sg. and memory transisters T and Ty are wdeal, the cuntent stored e 1 becomes |/,
= J +21,4. Thatis, the reterence curtent /s multuplied by two.and this muluplication i
independent of the ratio of the transistors T and Tr, o of the tanastors Tpand 1y, The
current 2/, 15 output to Tr and Ty agam m the nextiwo clock eycles and 1s doubled v the
seventi clock cyele in Ty This process continues and atter 3nclock cycles. the cunient/,,
will be multiphed by 2% Each muluphicauon operauon takes thiee dock Cydles
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ERROR typecheck
OFFENDING COMMAND: setscreen

STACK. b,
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Fig. 5.2 A SI ratio-independent algorithmic D/A converter

using the simj:le memory cells
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SI RATIO-INDFPENDFNT ALGORITHMIC D/A AND A/D CONVERTERS
* Ratio-Independent Cyvclic D/A Conversion

During the ratio-independent multiplication operation, switch $; is always opened
except during the clock cycle 1. It we control Sy to be closed or opened depending on the
state of the corresponding digital bit, the circuit will perform the D/A conversion. The
operation of D/A conversion is as follows. During the first conversion cycle (one conver-
sion cycle contains three clock cycles), it the most significant bit by is *1°, switch 8§, is
closed in the clock cycle 1. and the current 7, is sampled and held by Ty. On the othet
hand, if by is ‘0", Sy is opened, and /,,is not sampled and held by Ty The current stored in
T can be expressed as

L) = J+byd, = J+i (1) (EQ 5.4)

re
The signal bif,,ris doubled after the next two clock cycles. During the second con-
version cycle, if the second most significant bit by is “I', Sy is closed, and it by is ‘0, Sy is

opened. Therefore, the signal byl,,ris added to the signal 25,4, Thas, 1, becomes
1,(2) = J+2b,1n,f+l)2ln_j =J+1i,(2) (1Q5.5)

Obviously, this operation is the same as the D/A conversion described in Section 5.1.1. In
the circuit given in Fig. 5.2, during each conversion cycle, the previous converston current
gets doubled and added to the reference current or zero current. After n conversion cycles,

the current stored in T} is given by
L
Iin) =Jy+1,% 27 'h, (EQ 5.6)
k=1
The output current of the circuit, therefore, can be expressed as

n
I,(n) =1, 2"7'p, (EQ5.7)
k=1
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5.1.3 D/A Conversion Error Analysis

The expression for the output current as given in (EQ 5.7) has been obtained based
on the assumption that the switches and the memory cells are ideal. In practice, the output
resistance of a switched-current memory cell is finite, switch closure resistance is never
zero, and there exists a switch charge injection associated with each switch. In this section,

we will discuss the eftects of these non-ideal characteristics.

o Lffect of Finite Impedance of S Memory Cell

As discussed in Chapter 3, the finite impedance problem in a SI memory cell is
caused by the channel length modulation which produces an error in the output current.
This current error affects the data conversion accuracy. We will now analyze the effect of
the finite impedance problem. Fig. 5.4 illustrates the eftect of finite impedance problem

when the current is transterred from Ty to To.

lils’()l | lig() 2
l’2= -

L @Tz

Fig. 5.4 An illustration of the effect of finite impedance problem
when the current is transferred from Ty to T,
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During the first conversion cycle, Ty hirst samples and holds the reterence current

and then transters it to T> and Ts. Thus, trom (EQ 5.4, we have
i (1) = 1“,/h| . (EQ 5.
and from (EQ. 2.18), we have

GmZ

12(]) = +G|z

G i (1), (1Q 5.9)

m2

where G2 = 284 &m2 18 the transconductance of Ty and o = (0,1 +802084 + Lo18m2

In the same way w2 can obtain i3(1), the current transferred from Ty to T3, as

m3

’}(l) - GnH+GH

i, (EQ 5.10)

where G,3 = £,,384 &3 18 the transconductance of Ty and Gy = (4,148,380 Y Lo18m 3
During the second conversion cycle, as illustrated in Fig. 5.5, the current stored in the

memory transistors T and T3 are transferred back to Ty, and we have

Gm 12

il (2) = Il‘c‘jb2+ m

i (1) + iy (1), (EQ 5.1

(’mH +(’H

where Gip12 = 8mi124- G = L0186 G21 = (801802084 + Bo28m1- and Gy = (g,1+8,3)80 +

&038m1- Usirg (EQ 5.8), (EQ 5.9) and (EQ 5.10) in (EQ 5.11), we have

GleGmZ

i (2) =1 b, +
Il( ) rcj)?. (Gle+GZI)(G

!
+GIZ) In'j)l

m2

Gml?Gm? Ji
(Gml’» + Gﬂ) (Gm% + GH) ref

by (KO 5.12)
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Fig. 5.5 Anillustration of the effect of finite impedunce problem

when the current is transterred from To and T3 to T,

Assuming that G,,12=G13=G,2=G,,;3=G,,.and G2 =G13=G;p; =G31 =G, we can

rewrite (EQ 5.12) as

"
~

“m

2y =1 b+ ——7I b
l( ref’’2 (G"'+G)2 ref 1

(EQ5.13)

Continuing in this manuer, after the nth conversion cycle, the current i{(n) is given by
k-1

n 26'2"
il (II) = 1“,/‘;[ (m) bk (EQ 5.14)
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In a practical circuit, since G, >> G, (EQ 5.14) can be simplitied as

no G ‘-1
W =0, 32N =E) (EQ 5.15)
=1 m

. k-1 . . .
Expanding (1 - G/G,,)™". and ignoring the second- and higher-order terms, we have

" I G » !l G n
. -1 ref k=1 ref kol
ll(ll)zl,(,~22 b+ —— 2 b +(—~, ) R ¥ .
’ jl\ =1 Gm A§| * Tm A§| : (EQ5.1m
Since the output current /,, = i}, we have
In (n) = il (n) = [(liclt'(ll+ i('g - icn . (EQ SI7)
where
n k
Inivd('al = Ilcf Z 20 lbk * (l',(‘) S.18)
k=1
[ . G n B
l,, = -;—j'— > 24 (1) 5.19)
m k=1
and
] " G n
I, = (— acl ) Y 2t kb, (130 5.20)
Em Jik=

In (EQ 5.17). I, 4eq represents the ideal output current, /., represents the gaimn error cur-
rent. and /,,,, represents the nonlinearity error current. Itis seen that the finite impedance of
the switched-current memory produces gain and the nonlinearity errors. However, the

errors can reduced by increasing the gain of the memory cell.
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o Lffect of Switch Charge Injection

As shown in Scction 2.5.2, the switch charge injection produces an ervor in the gate
voltage which causes the output current to have an offset error (signal-independent error),
a gain crror, and harmonic distortions (signal-dependent error) in a SI memory cell. We

now analyze the effect of these errors on the accuracy of the data conversion.

Fig. 5 0 illustrates the eftfect of the current error in data conversion. Assuming that
the switch charge injection causes a current error [, the output current of the memory cell,
as cach time the ST memory cell changes from the sample mode to the hold mode., is given

by

where 14 18 the output current of the memory cell Ty, and [ is the error current created by

the switch charge injection in the memory cell T.

b,
] D s, o JQb 10,
L St — = % <3
-

.t ot >t
T =ty S
DAtk 1

SZ i S'; S

I .
] = Iy=J-iy+1 ] l3=‘l"3+1/3
yﬁnm%ﬁmr/;i 2%02 l
T57

5]

Fig. 5.6 An illustration of the switch charge injection effect
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Including the eftect of switch charge mjection. the current 'y during the st conversion

cycle can be expressed as
i’ ) = b, +1; (BQ 8.2

The current i’} is transferred to T and Ty during this conversion cycle, giving

) = (Y =Ly = by = (EQ 5.23)
o) = () =Ly = by = (EQ 5.2.0)

During the second conversion cycle, i'j is given by

,'" (2) = 1)2/”,,+,"2(2) +i',(2) (1) 5.25)

Substituting (EQ 5.23) and (EQ 5.24) into (EQ 5.25), we have

i (2) = byl + 200\ ) — 1= (130 5.20)
Thus, after the nth conversion cycle. i’y can be expressed as

"
! N - 052
iy =1, Y 2 e @ 2 - 1) (HQ 5.27)
k=1
The output current, theretore, 18 given as
n
1,(n) =1, 3 22+ 2" =) (2 =1y = 1)+,

h=1

= I(Ildt'(l[ + I('j (1) 5.2¥)
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where 1

atdeal

: ;2] 2 ~'p, represents the ideal output current. and [, = (2“'1-1)(21j|-ljz-lj3) +

1)y represents the error current created by the switch charge injection,

As seen from (EQ 5.28), the switch charge injection produces an offset current.
Since the directions of the switch charge injection error currents /5 and /;3 are compie-
mentary to the direction of the error current 1, the effect of the switch charge injection

can be reduced by making switches and memory transistors of the SI memory cells to be

matched.

The above analysis has assumed that the switch charge injection creates a signal-
independent current error. When considering the signal-dependent current error, the effect
of switch charge injection is similar to the eftect of finite impedance that produces a gain

error and nonlinearity conversion error.

o settling Time Error

When the D/A converter operates at high speed, the non-zero settling time error cre-
ates an output current error in the SI memory cell. The effect of the settling time erro- is
the same as that of the switch charge injection current ervor. This current error creates an
offset current, a gain error, and a nonlinearity error in the data conversion. The higher the
speed, the bigger is the settling time error. Therefore, the speed of the D/A converter is

limited by the settling time of the memory cells used.

5.2 A/D Converter Design Technique

The St technigue can also be used for algorithmic A/D converter design. In [16], a SI
ratio-independent algorithmic A/D design technique has been introduced. However, the
accuracy of the converter is limited by the switch charge injection. In this section, using

the ratio-independent algorithmic design technique, we present a new SI A/D converter
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circuit which uses three SI memory cells and one comparator. It s shown that the etfect of
switch charge injection can be reduced by making the memory cells matched. The prnet-
ple of an algorithmic A/D converteris reviewed tirst. Then, a new design technigue for the
SI ratio-independent algorithmic A/D converter is proposed. Finally. the etfects ot non-
ideal characteristics of the devices, the switch charge wmjection, and tinite impedance on

data conversion accuracy are analyzed.

5.2.1 Review of the Principle of Algorithmic A/D Converter

Similar to the algorithmic D/A converter, an algorithmic A/D converter consist ol i
multiply-by-two amplifier (2x). a sample and hold (S/t) circuit, a reference sum circwt,
and two switches (Sy and S3), as shown in the block diagram of Fig. 5.7. Besides these
units, a comparator is used for extracting the digital signal. The operation of the A/D con
verter is as tollows. The conversion consists of first sampling the input signal onto the S/H
circuit. This is done by selecting the input signal instead of the loop signal using the switch
S,. The input signal is then passed onto the multiply-by-two (2x) amplitier which doubles
its value. To extract the digital information from the input signal, the output voltage V,, ol
the amplifier 2x is compared with the reference voltage V. If itis Targer than the refer-

.

ence voltage, the corresponding bit is set to “17 and the reference is then subtracted from

V,,. Otherwise, this bit is set to ‘(" and the signal V,, is kept unchanged. The resulting signal

Fig. 5.7 The block diagram of the algorithmic multiplication A/D converter
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Vs then transterred. by the switch S, back into the analog loop tor further processing.
This process contiues until the desired number of bits have been obtained. The converter

then samples a new input signal for the next conversion.

5.2.2 SI Ratio-Independent Algorithmic A/D Converter Design Technique

Fig. 5.8 shows the SI destgn circuit of an algorthmic A/D converter with the simple
SEmemory cells. Fig. 5.9 gives the switch-controlling waveforms. The circuit can perform
the ratio-independent algorithmic A/D conversion operation. The data conversion is
started with the MSB. The operation of the circuit is as follows. During the first clock
cycle. the switches Sy and S are closed and Ty samples the input signal /,, giving I} =J +
I,. In the second clock cycle, Syand Sy are opened. and S3 and Sy4 closed. Ty holds the
mput signal and loads 1t into Ty, giving the current /5 =1 - I, During the clock cycle 3, S
and Sq are closed and Ty samples the current signal from Ty giving the current/3=1J - I,
Durmg the 4th clock cycle, the switch §7 closes, the currents i and i3 are compared with
the reference current /, ., where iy =1- 1 =-1 and i3 =1 - [3 = -1,. It the doubled input cur-
rent 21, > 1, the comparator outputs *1° (MSB = *1") and the switch Sy is closed, giving iy
=24, - 1,y The current iy is sampled by Ty at the fifth clock cycle. If the current 21; < /1,5
the comparator outputs *0° (MSB = *()"). the switches Sg and S7 are opened, and S and S,
are closed. Then, 2/, will be sampled by Ty. Once T samples and holds the current from 15
and 73 or from iy, Ty and T3 proceed to operate in same manner as betore. This sequence is
repeated until the desired resolution has been achieved. The converter requires 4 clock
cycles for each bitof conversion and an n-bit conversion takes 4n clock cycles. After the

nth bit conversion 1s completed, the output current i1(n) of Ty can be expressed as

n
) =Jd=1m =2"-1,,5 2" (EQ 5.29)
h=1

where by g s the (k-Dth digital bit with a value of *1° or ().
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5.2.3 A/D Conversion Error Analysis

As with the D/A converter, the hinite impedance ot the memory cell, non-closure
resistince ot the switches, and the switch charge mjection will all atfect the performance
of the A/D converters. Besides these, the data conversion accuracy of the v/D converter is
also attected by the mput offset voltage of the comparator. In what tollows, we will ana-

lyze elfects of these non-ideal charactensties.

o Lffect of Fuite Impedance of SEMemory Cell

Takmg into consideration the effects of hnite impedance of the memory cells, the

curtents of ¢, 1> and 3. dunng the first conversion cycle. are given by

o (EQ 5.30)
. (m.. l E S%

lz(l) —-(,,,1+(l;wl( ) ( Q>~ )
i(1) = f"f’i»- (1 (EQ 5.32)
X G+ Gy g e

where G0 = ¢,084. 0 18 the transconductance of Th. gy is the transconductance of the
switch Sy, Gpa = (8,148,284 + 8018m2» Gz = 384 &3 18 the transconductance of Ty,

Gy = (8a1+803080 + Lo18ms- and gq 15 the transconductance of the switch Sq,.

During the clock eycle 4. the currents iy and i3 are compared with [, giving iy + i3 -
1, This current is transterred to Ty during the clock cycle 5 (start of the second conver-

swon cycele) and thus, the current /) becomes

TR AT N (EQ5.33)
R O G,+G" 1yl o

24 m
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To simplity the converston eror analysise we assume that G, v G,

IR (’,,:. ;lnkl (ll:
Gz =G Thus (EQ 5.33) can be tewnien as

QS 3
Contmuing m this mannei. atter the nth converston evele, the current 7y s given by

1] "
7

m

y(n) = 2"

(
IR L e
2 ((’,- +(},) l,-1,, 20 Th | ) S 3
"m Lo

In practical circuts, we have G, >> G Thus, (EQ 5.35) can be simphitied o be as

. G - ;
o 2= G =, Y ALY (-0 S 30)
Ao

Expanding (1 - G/G,,,)"". and ignonng all second- and highec-order teoms, we have

n

oAl _ ~+h N
’l (n) =2 Im I/:‘ 2 - /)l\

G
o M, (FQ S 37
Lo m

Thus. we see the finite impedance of the SEmemory cells creates a nonbimear ciror equal 1o
P G/Gm)l

1
o Effect of Switch Charge Injection

Assuming that the switch charge injection causes a cunrenterton £, the output cusrent

ot the memory cell, as each ume when the SEmemory cell changes its mode trom sample

to hold, can be written as

. _ 5
iy -1‘+ljk_ A=1,2,3.
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wheie 1 is the output current of memory cell Ty, and 1 is the error current created by the

switch charge injection.

Including the effect of switch charge injection, the current i’y during the first conver-

ston cycle can be expressed as
i’ (1) = I+ 1, (EQ 5.39)

The current 11{1) is transter 2d to T and T3 during this conversion cycle, giving

i =0 () - Ly = 0L = (EQ 5.40)
R L e (EQ 5.41)

During the second conversion cycle, i is given by
i(2) = 0,(2) +1,(2) =bi, (EQ5.42)

Substituting (EQ 5.40) and (EQ 5.41) into (EQ 5.42), we have

i'(2) =2 +1) =1y=-1y=-hl,, (EQ 5.43)

itH
Thus, after the nth conversion cycle, i) is given by

n
i) = 2", -1, 3 22"

k=1

From (EQ 5.44), we see that the switch charge injection produces an offset current
2“"(211| - 1)y - 13). Just as in the proposed D/A converter, the direction of the switch

charge mjection error current I} and I;3 is complementary to the direction of current error
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Ij). Thus, the effect of the switch charge injection can be reduced by making the switches
and the memory transistors of the SI memory cells matched. Since all the memory cells in
the proposed A/D converter are of the same. matching of the cells is relatively easier than

that in the case of the A/D converter of [16], in which ditferent types of cells are used.

The analysis given above is based on the assumption that the switch charge injection
creates just a signal-independent current error. In practical circuits, the switch charge
injection will also create a signal-dependent current error. When considering the signal-
dependent current error, the eftect of the switch charge injection is similar to the etfect of

the finite impedance, producing a nonlinearity conversion error.

o Seitling Time Error

Similar to the case of the D/A converter, when the proposed A/D converter aperates
at high speeds. the non-zero settling time error creates an output current error in the SI
memory cell. The effect of this error is same as that of the switch charge injection error, It
creates an offset current error and a nonlinearity error. The higher the speed, the bigger is
settling time error. Therefore, the speed of the A/D converter is limited by the settling time

of the memory cells used.

o Offset of Comparator

In the SI A/D converter, the memory cell performs just the function of doubling the
current and the comparator extracts the digital signal from the current information. it the
difference between the doubled current signal and reference current 1s smaller than the oft-
set of the comparator, the comparator would not able to recognize this difference, and
therefore, it will not extract the digital signal. Thus, the maximum resolution of the A/D

converter is limited by the offset of the comparator.
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5.3 Practical Design of the Proposed SI D/A Converter

As analyzed in Section 5.1.3, the non-ideal characteristics of the SI memory cells
and the switches creates large analog errors. These errors affect the conversion accuracy of
the converter significantly. In this section, we will discuss the practical design consider-
ations to reduce the effe.'s of non-ideal characteristics of the SI memory cells and

switches.

A SI D/A converter is designed using the high-performance SI memory cells pro-
posed in Chapter 3. To verify the performance of designed converter, the circuit is simu-
lated using HSPICE. A prototype chip is designed and fabricated using the standard 1.2 p
N-well CMOS process technology and tested in the laboratory. Both the simulation results

and test results are presented in this section.

5.3.1 Practical Design Considerations

As mentioned above, although the proposed D/A converter does not require match-
ing of the components, the finite impedance of the memory cell and the switch charge
injection may signiticantly affect the conversion accuracy. To reduce the effects of finite
impedance and switch charge injection, a high performance memory cell has to be used in
place of the simple memory cell. The memory cells DMC-1 and DMC-II presented in
Chapter 3 can be used for the proposed D/A converter design. The new memory cells pro-
vide improvements of three orders of magnitude in the output resistance and two orders of
magnitude in the switch charge injection of the memory cell as compared with the simple

current memory cell.

In Section 5.1.3, the eftect of the non-zero closure resistance of the switch was ana-
lyzed. Since it produces the data conversion gain error and the non-linearity error, the size
of each switch has to be chosen carefully. The NMOS switch closure resistance can be
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obtained as

] l
R = =
M= @) 7@V

3% :
(kh"[) Vas=Vir=Vny) (EQ 545

Thus, it is seen that the larger the ratio W/L, the smaller is the closure resistance of the
MOS switch. Therefore, the design is a trade-off between the chip area and the conversion

accuracy.

5.3.2 Simulation Results of the Proposed D/A Circuit

The proposed D/A converter circuit with the high-pertormance SI memory cells of
Chapter 3 was simulated using HSPICE based on the standard 1.2 it CMOS process tech-
nology parameter set. The simulation results with Irop =20 nA are given in Fig. 5.10 The
nonlinearity error is within 4 (.2 pA (curve I) when the full scale output current is about
640 pA. This corresponds to an accuracy of a 12-bit D/A converter. In low output current
band, the dynamic range of the converter is limited by the leakage current of the MOS
transistors. On the other band. in the high output current band, it is limited by the chip
area, since the maximum current of a MOS transistor is dependant on the aspect ratio of
the transistor. The simulation results also show that the nonlincarity error, and gain error
are reduced, when the aspect ratio of switches Sy, and S, are increased, As the size of the
capacitor transistor Te is increased, resulting in an increased Crp, not only the offset error
gets reduced, but also the nonlinearity and gain errors are decreased. From the simulation
results, we can see that the switch charge injection not only produces an offsct error, but it
also creates a nonlinearity error. This is, because the output voltage V,, of the memory cell
is not constant. As a matter of tact. V, changes by hundreds of mVs creating a signal-
dependent switch charge injection error when the conversion current changes by hundreds

of mAs. The nonlinearity is increased when the output current is increased.
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Fig. 5.10 The plot of error currents of the proposed D/A converter
obtained from simulation
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3.3.3 Prototype Chip Test Results

A prototype D/A converter chip containing two D/A converter circuits was designed
and fabricated using the standard 1.2 p N-well CMOS process technology. The chip layout
is shown in Fig. 5.11. The layout consist of § differential SI memory cells (marked M; to
Myg) and several MOS switches. The cells My to My use operational transconductance
amplifier structure (Cell #2), and cells Ms to Mg use folded amplifier structure (Cell #3).
Cell My is designed as a voltage-to-current converter and Ms is used as the sample and
hold circuit for the output current. The cells My to My are connected by switches to form a
D/A converter (D/A #1). and the cells Mg to Mg are connected by switches to form another

D/A converter (D/A #2).
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Due to the use of high-gain cells, the converter D/A #1 suffered from the stabihity
problem. The test results of the converter D/A #2 showed no stability problem. All the test

results that follow are tor the D/A #2 circuit.
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Fig. 5.11 Layout of two SI ratio-independent algorithmic D/A converters
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Fig. 5.12 Dynamic behavior of the D/A converter (D/A #2)

} Fig. 5.12 shows the dynamic behavior of the converter D/A #2. The input digital
code to the converter is a sinusoid. The output of the D/A is then analyzed using the FFT to
transform the time-domain information into the frequency domain for investigating the

nonlinearity errors [42]. Fig. 5.13 shows the FFT analysis results. It is seen that the har-
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Fig. 5.13 Magnitude spectrum analysis results of the D/A converter (D/A #2) output
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monics of the ['a converter are about -48 dB below the fundamental which corresponds

to an 8-bit integral linearity. Fig. 5.14 shows the ditferential nonlincarity crror of the D/A
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Fig. 5.14 The ditferential nonlinearity . * the D/A converter (D/A #2)

converter. The differential nonlinearity error of the converter s less than + 2 pA, From Fig.
5.14, we can see that the gain error of the D/A converter is increased as the output current
increases. Comparing the results of Fig. 5.14 with the simulation results shown an Fig.
5.10, and referring to the conversion error analysis discussed in Section 5.1.3, 1t 1s clear
that the nonlinearity errors of the converter are caused by the switch charge injection and
the tinite impedance of the memory cells. Therefore, by increasing the size of gate capaci-
tors Tc and the size of the switches Sq and S, (refer to Fig. 5.2), the nonlincanty errors and
gain error of the D/A converter can be reduced further. The complete test results ot the pro-

totype D/A converter are given in Table 5.1.
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Table 5.1 Test results of the D/A converter chip

Parameter Value
Power supply (V) 5
Clock frequency (KHz) 30
Resolution (bit) 8
THD (dB) -48
Power dissipation (mW) 25
Chip area (mm?2) 0.43

5.4 Summary

A new ST ratio-independent algorithmic multiplication D/A converter design tech-
nique has been described. The eftects of the non-ideal MOS transistor characteristics on
conversion accuracy are theoretically analyzed. The technique provides a high-accuracy
and high-resolution data conversion without requiring matching ot the components. Since
the converter uses a SI technique, it does not require linear capacitors, and therefore, the
double poly process is not necessary. Because the converter requires only 3 clock cycles
for cach bit D/A conversion. it is 1.3 times faster than the SC ratio-independent algorith-

mic D/A converter |37].

A Sl ratio-independent algorithmic A/D converter circuit has also been given in this
chapter. A theoretical analysis of the effects of the non-ideal MOS transistors characteris-
ties on the conversion accuracy of the A/D converter designed using this technique has

been carried out.

The proposed D/A converter has been simulated using HSPICE with the parameter
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set of a typical 1.2 o CMOS process technology. The simulation results are very close o
those obtained from the theoretical analysis. A prototype D/A converter chip has been
designed and implemented by using the standard 1.2 1t CMOS process technology, and the
chip tested in the laboratory. The test results show that the proposed DA converter chip
has an 8-bit conversion accuracy. The nonlinearity error measutement results are m good
agreement with those obtained from the theoretical analysis or trom simulation results,
The conversion accuracy can be improved by increasing the values of the gate capacitors
and the size of the switches. The size of the gate capaciors used in this prototype chip
design is only 21.5 pm x 34 pm (the value ot capacitor is about .05 p19), and the chip area

for the D/A converter is about (.43 mm-.
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Chapter 6

CONCLUSIONS AND SUGGESTIONS
FOR FURTHER RZSEARCH

6.1 Con<luding Remarks

In recent years, the traditional role of analog circuits has changed from a main signal
processor to an intertace between a DSP system and the outside world that is still mostly
analog. Thus, in therr new role, they must be made to acquire all the characteristics needed
for them to co-exist with the dominant digital environment. The performance of analog cir-
cuits has to be matched with that of digital circuits and they have to be implemented using

a process technology that has been optimized for the implementation of digital circuits.

The SItechnique is a possible solution to make the analog circuits matched with the
digital circuits both in performance and implementation process technology. The switched-
current techniques are finding an increasingly greater role in the design and implementa-
tion of analog circuits, since they do not require linear capacitors and are capable to work
with low power supplies. Since linear capacitors are not required, a SI integrated circuit is
not dependent on a special analog process technology and it is fully compatible with the
digital process technology. In S circuits, towering the supply voltage should not reduce its
dynamic range or signal-to-noise ratio. However, the non-ideal characteristics of MOS
transistors attect the pertormance ot the S1 circuits significantly, and has made the use of

the St circuits still less attractive in comparison with the SC circuits. This thesis has been
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concerned with the problems of switched-current cicut design tor signal processing tak
ing into consideration the eftects of non-ideal chinacterisues of MOS transistors and other

application-related problems.

To reduce the etfects of non-ideal characteristics of MOS transistors, o ngh-pettor-
mance ditferential SI memory cell design techmque that uses o ditterential amplihier and
the regulated cascode circuit has been developed. The ettects ot the non-ideal MOS tran-
sistor have been analyzed. The theoretical analysis and the simulation results show that the
proposed differential SI memory cells achieve the best performance as compared with the
existing SI memory cells in terms of current transmission operation and a performance
similar to that ot the fully differential SI memory cell in terms of power supply wepection
rativ. The circuit complexity of the ditferential ST memory cetls is much simpler than the
fully difterential SI memory cell. The setthing time and the stabihty problem ot the mem-
ory cells have also been studied. Two practical SEmemory cells have been designed with
the structures of transconductance amplifier and folded cascode amphfier, 1espectively.
Three prototype chips have been designed and implemented using a standard 1.2 pf CMOS
process technology. The prototype chips have been tested. The performance of the mem
ory cells have been evaluated in the terms of gan error, total harmonie distortion, setthng
time and supply voltage. The test results have shown that the cells achieve very small gam
error, very small total harmonic distortion, and are capable of working with power supply

voltage ranges in the range 0of 3.3 Vo5 V.

Since the analog filters and A/D and D/A converters we mtegral parts of a DSP sys-
tem, attention also been focused on new SI circuit designs for these cocuts. A new Sl
technigue has been proposed for the design of fully-programmable ST filters, and a novel
ratio-independe:: . algorithmic multiphcation SI technique has been proposed tor the

design of D/A converters.
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‘The proposed SEhlter design technique uses digital hlter structures and design syn-
thests techmques. The resulting ST hilter has very regulan circuit structure. Without requir-
ing modihication of the circuit structure ot the filter, the characteristics of the filter can be
changed by properly selecting the sizes of the coethcient transistors in an array of transis-
wis. Since an atray of unit transistors occupies a much Larger chip area. a transistor array
consisting of three ditferent size transistors has been used. It has been shown that proposed
scheme can reduce the chip area significantly, while maintaining the accuracy of the most
signmificant biv: of the tilter coetticients. As an example, a second-order IR hlt=r has been
designed using the developed techmque. The filter has been simulated using HSPICE in
the ume domain and the results are analyzed using the FFT to evaluate the characteristics
of the filter in the fiequency domain. The results are very close to those obtained from the
theoretical analysis. A prototype ¢'iip which contains six second-order HR filters has been
designed and tabricated using the standard 1.2 g N-well CMOS process technology. Hard
wiring technigue 1s used for programming ot these filters. The chip has been tested in the
laboratory. The test results have shown that the characteristics of the fabricated filters sat-
isfy the design specifications. The use of the proposed high-pertormance SI memory cells

in the filter implementatton has provided an improved performance.

A novel Sl ratio-independent algorithmic technique for the design of D/A converters
has been proposed. The technique employ a ratio-independent algorithm tor data conver-
ston. The converters can achieve high-resolution, high-accuracy data conversion without
requiring inatchimg of components. The proposed D/A converter requires only 3 clock
cycles tor each bit of conversion. It is 1.3 time faster than a SC ratio-independent algorith-
nmic D/A converter. A new St ratio-independent algorithmic A/D converter circuit has also
been presented. The eftects of non-ideal characteristics of MOS transistors have been stud-
ied and some suggestions have been made to improve the converters’ performance. The

high-periormance SImemory cells developed in Chapter 3 have been used in the design of
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D/A converter to reduce the ettects ot switch charge mjection and fimte impedance ot the
memory cell. The proposed D/A converter was simualated usmg HISPICE and the stmula
tion results have been tond to be very «lose o those theotetical predicted  \ protons pe chip
of the D/A converter has been designed and implemented using the standard 12300 N well
CMOS proczss technology and tested i the aboratory. Test results have shown that the 1Y
A converter achieves an 8-bit resolution with non-tincanty enor less than one-hdt of the

least significant bit.

6.2 Scope for Foture Investigations

The future requirements of the analog intertace cucuits o DSP sy stem could be

those of lower cost, higher operating speed and lower power supply voltages,

The process technology presently used tor the Slerrcuts the same as those used ton
digital circuits. However, future dectease m the cost of the analog cremts wonld heavily
rely on our capability to develop new analog design techmigues that are compatble with

the emergimg new digital process technologies.

The present SI circuits cannot be used in high-frequency apphicatons such as video
signal processing. In order for this to happen, the SIdesign wehniques have 1o be devel
oped to be compatible with the sub-micron process technology tor mcreasimg the he

quency bandwidth of the MOS transistors.

The present SI circuits cannot operate with supply voltages tower than 3V The
industry has proposed lowering ot the supply voltage to 2.4 Vor evenas fow as 1 8 Vo
the next generation digital VLLSI circuits. Theretore, for the next generation DSP systems,
SI techniques ought to be evolved to provide non-degraded pertormance at low power sup

ply voltages.
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